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P  .  approximate  soil  pressure  at  35-in.  level  at  time  indicated;  other  symbols  are  defined  in  table  1. 

Parameters  measured  at  the  time  of  maximum  arching;  after  peak  soil  pressure  has  arrived  at  35-in.  level  but  before  reflections  appear  to  have  had  appreciable  effects. 
Parameters  measured  which  appear  to  be  of  equal  value  for  comparison  purposes. 
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note:  WC,  water  content;  a  ,  unconfined  compressive  strength. 
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0.062 

0 

10.2 

45. 3 

+e.7 

+0.54 

1.24 

0 

1.03 

1/  v  ring  top 

O 

test  device 

•  : 

36 

27.1 

1 . 062 

.  ■ . 

0.002 

0.064 

-0.002 

93.2 

41.4 

.9 

+0.31 

1.13 

-0.33 

1.07 

6:44 

35 

8 

29.2 

0.067 

.  n 

0.141 

0.188 

-0. 12  L 

14. 5 

6.4 

-*•9.4 

-1.84 

0.18 

-20. 17 

3.13 

6:56 

p 

29.6 

0.063 

0.01*1 

0. 349 

0.39C 

-0. 327 

7.0 

3.1 

-32.1 

-2.01 

0.09 

-54. 50 

6.50 

/:•  ' 

34 

8 

27.1 

0.060 

0.038 

0.490 

0. 528 

-0.469 

3.0 

1.3 

-33.5 

-2.10 

0.04 

-78.00 

8.80 

7:15 

0 

-  . 

-0. 122 

0.370 

-0.444 

o.c 

0.0 

0.0 

0.0 

— 

-74.0c 

6. 17 

(Co 

itinuod) 

::  te:  t  ,  time  after  zero;  T  ,  surface  pressure  at  time  t  ;  F’g  ,  soil  pressure  at  35-in.  level;  Dg  ,  soil  deflection  at 
•  -ir..  level;  ,  deflection  of  base  of  test  device;  d^  ,  deflection  of  top  with  respect  to  base  oi  test  device;  D^, 
total  deflection  of  test  device  *  dt);  At’  ,  differential  deflection  (r*T  -  Dg  h  PC  *  preEEUre  acting  on  lnslde  of 
test  device;  !,  ,  average  force  acting  on  tor  of  test  device;  AP  ,  differential  pressure  ( PT  -  Pg);  ^  ,  unconfined 


compressive  strength  of  sell;  E  ,  diameter  of  test  device. 
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Table  5  (Continued) 


t 

hr:  min 

Pressure 

_ l _ 

Deflections , 

in. 

Force  Per  Unit 
Area  Acting  on 

Top  of  Device,  psi 

Dimensionless  Parameters 
Pressure  Deflection 

*£.  h  AD  DI 

S:  ps  - x  1000  r x  100 

F„ 

Dc 

dt 

dt 

ad 

pc 

PT 

Ap 

Test  3 

o-l:26 

0-37. 5 

0-26.5 

0.333 

0.111 

0 

O.lll 

-0.078 

— 

— 

— 

— 

— 

-13.00 

6.85 

Lowering  top  of 

test  device 

0:07 

37.5 

26.6 

o.od 

0.008 

0.002 

0.010 

-0.006 

71.3 

33.0 

-1.5 

-0.25 

0.88 

-1.00 

0.17 

0:32 

37.5 

26.9 

0.021 

0.021 

0.011 

0.032 

-0.008 

65.3 

29.0 

-8.5 

-0.17 

0.77 

-1. 33 

0. 53 

0:12 

37.5 

26.7 

0.027 

0.025 

0.011 

0.039 

-0.012 

63.2 

28.1 

-9.1 

-0. 52 

0.75 

-2.00 

0.65 

0:51 

37. 5 

26.9 

0.032 

0.028 

0.017 

0.015 

-0. 013 

56.3 

25.9 

-11.6 

-0.6*4 

0.69 

-2.17 

0.75 

1:17 

37.5 

26.9 

O.038 

0.030 

C.027 

0.057 

-0. 019 

15.2 

20.1 

-'.'r.U 

-0.96 

0.51 

-3.17 

0.95 

1:29 

37.5 

27.1 

0.011 

0.031 

0.033 

0.C6I 

-0. 023 

35.3 

15.7 

-21.8 

-1.21 

0.12 

-3.83 

1.07 

1:50 

37.5 

27.5 

0. 016 

.  ■ 

0. 0I9 

0.080 

-0.031 

2U.2 

10.8 

-26.7 

-1.18 

0.29 

-5.67 

1.33 

2:11 

37.5 

27.7 

0.052 

0.033 

0.063 

0.096 

-0. oil 

16.3 

7.3 

-30.2 

-1.67 

0.19 

-7.33 

1.60 

2:11 

37.5 

27.7 

0.057 

0.032 

0.096 

0.126 

-0. 071 

2.3 

1.0 

-36.5 

-2.02 

0.03 

-11.81 

2. 13 

17:11 

37.5 

29.0 

0.075 

0.059 

0.111 

0.203 

-0.128 

7.1 

3.3 

-31.2 

-1.89 

0.09 

-21.31 

3.38 

17:3^ 

37.5 

30.0 

0.079 

0.058 

C.157 

0. 215 

-0. 136 

-5.0 

-2.2 

-39.7 

-2.20 

_ 

-22.67 

3.58 

18:09 

37.5 

30.0 

0. 085 

0.062 

0.169 

0.231 

-0.116 

Vacuur. 

of  unknc wn 

— 

— 

-21.  31 

3.85 

18: 1*8 

37.5 

30.0 

0.081 

0.061) 

0.177 

0.211 

-0.157 

extent 

— 

— 

-26. 17 

1.02 

Raising 

top  of  test  device 

18:59 

37.5 

30.5 

0.C8I 

0.065 

0.176 

0.211 

-0. 157 

0 

0 

-37.5 

-2.08 

0 

-26. 17 

1.02 

19:07 

37.5 

30.5 

0.085 

0.066 

0.175 

0.211 

-0. 156 

7.0 

3.1 

-31.1 

-1.91 

0.06 

-26.00 

1.02 

19:15 

37.5 

30.5 

0. 085 

0.068 

0.171 

0.212 

15.0 

6.7 

-30.8 

-1.71 

0. 18 

-26. 17 

1.03 

19:23 

37.5 

30.2 

0.085 

0.068 

0. 171 

C.239 

-0. 151 

25.0 

11.1 

-26.1 

-1.16 

0.30 

-25.67 

3.98 

19:33 

37.5 

31.0 

0. 085 

.  - 

0.156 

0.22? 

-C. 112 

**7.0 

20.9 

-16.6 

-0.92 

0.56 

-23.67 

3.78 

19:55 

37.5 

30.0 

0.087 

0.088 

0. 109 

0.197 

-0.  no 

85.0 

37.3 

♦0.3 

•  . 

1.C1 

-18. 31 

3.28 

20:53 

37.5 

30.0 

0.087 

0. 131 

0.022 

0.153 

-0.066 

102.0 

15.3 

♦7.8 

+C.13 

1.21 

-11.00 

2.55 

21:06 

37.5 

30.0 

0.089 

0.115 

0 

0. 1I5 

-0. 056 

131.0 

■ 

♦22.1 

*1.22 

1.59 

-9.31 

2. 12 

Raising 

pressure 

21:17 

lo.o 

31.0 

0.095 

0.152 

0 

0. 152 

-0.057 

_ 

_ 

_ 

__ 

_ 

-9.50 

2.53 

21:30 

15.0 

35.0 

0.165 

0.221 

0 

0.221 

-0. 059 

— 

— 

— 

— 

— 

-9.81 

3.73 

21:59 

•  . 

38.0 

0.325 

0. 395 

0 

0.395 

-c.  070 

— 

— 

— 

— 

— 

-11.67 

6.58 

22:11 

50.0 

39.0 

0.358 

0.125 

0 

0.125 

-0.067 

— 

— 

— 

-- 

— 

-11. 17 

7.06 

Lowe  ri  tig 

top  ol 

test  device 

22:21 

50.0 

39.3 

0.373 

o.llo 

0.001 

0.  Hi 

-0.068 

121.0 

53.8 

♦3.8 

•  . 

1.08 

-11.31 

7. 35 

22:32 

50.  C 

39.3 

0.  585 

0.151 

0.001 

0.155 

-0. 070 

100.0 

LJ*.l* 

-5.6 

-0.31 

0.89 

-11.67 

7.58 

22.  59 

. 

39.3 

0.118 

0. 171 

0.028 

O.I99 

-0. 081 

79.0 

35.1 

-11.9 

-0.82 

0.70 

-13.50 

8.32 

23:20 

50.0 

39.6 

0.131 

c.  170 

. 

0. 529 

-0.098 

«3.o 

19.1 

-30.9 

-1.71 

0. 38 

-16. 31 

.  . 

23:13 

50.0 

lo.l 

0.  Ill 

0.169 

0.572 

-0.131 

18.0 

8.0 

-L2.0 

-2.3 2 

0.16 

-21.81 

9.51 

21.05 

50.0 

10.6 

0.155 

0.169 

0.611 

-0.159 

1.5 

0.7 

-19.3 

-2.73 

0.01 

-26. 51 

10.21 

21:19 

30.0 

26.5 

0.158 

0.119 

0.111 

0. 593 

-0.135 

1.5 

0.7 

-29.5 

-1.63 

0.02 

-22.  5C 

9.89 

21:35 

0 

1.3 

0.329 

0.  311 

0.112 

0. 123 

-0.091 

0 

0 

0 

0 

— 

-15.67 

7.05 

Device  remained 

in  coil 

under  zero 

curl  ace 

pressure 

89:19 

0 

0.29C 

0.258 

.  .  . 

0.360 

-0.070 

0.75 

0.3 

+0.3 

♦0.C2 

— 

-11.67 

6.00 

Soil  removed  to 

35- In. 

level 

91:50 

0 

0.271 

0.218 

0.  in 

0.362 

-0.088 

-- 

— 

— 

— 

— 

-14.67 

6.03 

Test  4 


0-1:11  0-75.0  0-65.5  1.232 

Lowering  top  of  test  device 

1.150 

0 

1. 150 

♦..082 

in 

OJ 

CM 

« 

-100.0 

-♦0.25  +1.81 

1.33 

♦13.67 

19. 17 

0:05 

75.0 

65. 8 

0 

-0. 001 

o.ool 

0.0C3 

-0.003 

173.0 

76.9 

+1.1 

+0.10 

1.03 

-0.  jO 

0.05 

0:12 

75.0 

66.2 

0. 001 

-0.001 

0.007 

.  • 

-0. 005 

165.0 

73.3 

-1.7 

-0.12 

O.98 

-0.83 

0.10 

0:19 

75.0 

66.2 

0.001 

-0.003 

0. 010 

0.007 

-0.007 

159.0 

70.7 

-1.3 

-0.32 

0.91 

-1.17 

0.12 

0:27 

75.0 

u  .; 

0.002 

-0.003 

0.013 

0.010 

-0.0a. 

155.0 

68.9 

61.1 

-6.1 

-0.1 5 

0.92 

-1.33 

0.17 

0:3fc 

75.0 

66.1 

0. 003 

-0.003 

.  . 

0.015 

-0.012 

115.0 

-10.6 

-0.78 

0.86 

-2.00 

0. 25 

0:U0 

75. 0 

66.6 

0.00*4 

-0.006 

0. 025 

0.019 

-0. 015 

llo.o 

62.2 

-12.8 

-0.9I 

0. 83 

-2. 50 

0.32 

0:56 

75.0 

0. 005 

-0. 010 

0.016 

0.036 

-0.031 

118.5 

52.7 

-22.3 

-1.61 

0.70 

-5.17 

0.60 

1:07 

75.0 

67.8 

0.006 

-0. 012 

0.091 

.  <V 

-0. 073 

86.5 

38.1 

-•*6.6 

-2.69 

0. 51 

-12. 17 

1.32 

1:23 

75.0 

67.2 

0.006 

-0. 02L 

0.191 

-c. 161 

85.6 

38.0 

-37.0 

-2. 72 

0.51 

.  ■ 

2.78 

1:37 

75. 0 

67.5 

0.007 

-0. 023 

0.351 

0.328 

-0.321 

75.0 

33.3 

-11.7 

-3.06 

0.11 

-53. 50 

5.17 

1:**7 

75.0 

67.2 

0.008 

-0. 022 

.  .11 

0.389 

-  .  :-oi 

71.1 

31.7 

-13.3 

-3.18 

0.12 

-63. 50 

6.18 

1:56 

75.0 

67.2 

0.008 

-0.021 

0.175 

0. 126 

-  .118 

70.0 

31.1 

-13.9 

-3.23 

0.11 

-69. 67 

7.10 

2:07 

75.0 

67.2 

0.008 

-0.020 

0.191 

0. 171 

-0. 163 

67.0 

29.8 

-15.2 

-3.32 

o.lo 

-77. 17 

7.85 

2:23  79.0 

Raising  top  of 

67. 8  0.  011 

test  device 

-0. 019 

0.180 

-t . 169 

33.5 

11.9 

-60.I 

-1.12 

0.20 

-78. 17 

8.00 

2:39 

75.0 

67.2 

0.012 

-0. 01/* 

0.195 

0.181 

-0. 169 

59.  c 

26.2 

-18.8 

-3. 59 

0.  35 

-78. 17 

8.02 

3:03 

75.0 

67.7 

.  u 

-0.005 

.19! 

-0. 171 

111.0 

61.0 

-U.0 

-0.81 

0.85 

-79.00 

8.17 

3:11 

75.0 

67.6 

0.020 

-0. 001 

0. 191 

0.190 

-0. 170 

156.0 

69.3 

-5.7 

-0.12 

0.92 

-78. 33 

8. 17 

3:18 

75.0 

67.3 

0.021 

0 

C.187 

0. 187 

-0.166 

163.0 

72. 1 

-2.6 

-0.19 

0.97 

-77.67 

8.12 

3:26 

75.0 

67.3 

0.023 

0. 001 

0.181 

0. 185 

-0. 162 

168.0 

71.7 

-0.3 

-0.02 

1.00 

-77.00 

8.08 

(Continued) 
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Table  5  (Continued) 


t 

hr: min 


Pressure- 


Del  lections,  in. 


Force  Per  Unit 
Area  Acting  on 
Top  of  Device,  pci 


Dimensionless  Parameters 
res  sure  _ Deflection 


AD 


2\Y 

% 


An 

P_  ^  X  100C 

O  D  _ 


^T 

£xioo 


Test  4 

(Continued) 

Raising  ' 

top  of  test  device  (Continued) 

3:35 

75.0 

67.3  0.024  0.007 

0.475 

0.482 

-0.458 

176.0 

78.2 

+3.2 

+0.24 

1.04 

-76. 33 

8.03 

3: ‘*7 

75.0 

67.  3  0. 024  0. 015 

0.441 

0.456 

-0.432 

187.0 

83.1 

+8.1 

+0.60 

1.11 

-72.00 

7.60 

3:57 

75.0 

67.3  0.024  0.021 

0.397 

0.418 

-0.394 

202.' 

D 

89.8 

+14. 8 

+  1.09 

1.20 

-65.67 

6.97 

i.:06 

75.0 

67.3  0.024  0.029 

0.  314 

0.343 

-0.319 

214.' 

0 

95.1 

+20.1 

+1.48 

1.27 

-53.17 

5.72 

4:19 

75.0 

66.6  0.024  0.039 

0. 136 

0.175 

-0. 151 

225.0 

100.0 

+25.0 

+1.81* 

1.33 

-25.17 

2. 92 

4:27 

75.0 

66. 4  0. 024  0. 055 

0.027 

0.082 

-0.058 

244. 

0 

108.4 

+33.4 

+2.45 

1.44 

-9-67 

1.37 

4:39 

75.0 

66.2  0.024  0.060 

0.003 

0.063 

-  .09 

250.0 

111.1 

+36  1 

+2.65 

1.48 

-6.50 

1.05 

4:44 

75.0 

65.6  0.024  0.060 

0 

0.060 

-0. 036 

257.0 

114.2 

+39.2 

+2.88 

1.52 

-6.00 

1.0C 

Lowering 

top  of  test  device 

4:53 

75.0 

66.4  0.024  0.060 

0.002 

0.062 

-0.038 

221. 

0 

98.2 

+23.2 

+1.70 

1.31 

-6.33 

1.03 

5:04 

75.0 

66.6  0.025  0.060 

0.005 

0.065 

-0. 040 

205.0 

91.1 

+16.1 

+1.18 

1.21 

-6.67 

1.08 

5:15 

75.0 

66.6  0.025  0.056 

.  .  ■ 

0.075 

-0. 050 

172:0 

76.4 

+1.4 

+0.10 

1.02 

-8.33 

1.25 

5:22 

75.0 

67. 3  0. 026  0. 047 

0.045 

0.102 

-0.076 

150.0 

66.7 

-8.3 

-0.61 

0.89 

-12.67 

1.70 

5.32 

75.0 

67.3  0.027  0.038 

0.089 

0.127 

-0.100 

136.0 

6C.4 

-14.6 

-1.07 

0. 81 

-16.67 

2.12 

5:41 

75.0 

67. 8  0. 028  0. 018 

0.177 

0.195 

-0. 167 

121. 

0 

53.8 

-21.2 

-1.56 

0.72 

-27.83 

3.  25 

5:50 

75.0 

67. 8  0. 028  0. 009 

0.35.3 

0.362 

-0. 334 

97.0 

43.1 

-31.9 

-2.34 

0. 57 

-55.67 

6. 03 

6:00 

75.0 

67.8  0.028  0.008 

0.483 

0.491 

-0. 463 

87.5 

38.9 

-36.1 

-2.65 

0.52 

-77.17 

8.18 

6:05* 

75.0 

67. 8  0. 028  0. 008 

0.493 

0.501 

-0.473 

55.0 

24.4 

-50.6 

-3.72 

0.33 

-78.83 

8.35 

Pressure 

on  surface  released 

6:19 

0 

0  0.926  0.883 

0. 438 

1.321 

-0. 395 

4. 

5 

2.0 

+2.0 

+0.15 

0.03 

-65.83 

22.02 

23:10 

0 

0  0. 856  0. 803 

0. 423 

1.226 

-0.  370 

3. 

5 

1.6 

+1.6 

+0.12 

0.02 

-61. 67 

20.43 

Test  5 

0-37.5 

-1.251  -1.149 

-0.001 

-1. 150 

+0. 101 

64. 

5 

28.7 

-8.8 

-0. 63 

0.77 

+16.83 

19-17 

Raising  top  of  te 

st  device 

0:10 

37.5 

-0.0004  -0.0004 

+0.0007 

+0.0003 

+0. 001 

97.0 

43.1 

+5.6 

+0.40 

1.15 

+0.17 

0.01 

0:27 

37.4 

-0. 0011  -0. 0040 

+0. 0058 

+0. 0018 

+0.003 

120. 

0 

53.3 

+15.9 

+1.14 

1.42 

+0.50 

0. 03 

0:^4 

37.4 

jj  -0. 0030  -0. 0177 

+0. 0443 

+0. 0266 

+0. 030 

148.5 

66.0 

+28.6 

+2.06 

1.76 

+5.00 

0.44 

1:12 

37.6 

g  -0. 0034  -0. 0377 

+0. 1263 

+0.0886 

+0.092 

165.0 

73.3 

+35.7 

+2.57 

1.95 

+15. 34 

1.48 

1:39 

37.5 

3  -0. 0035  -0. 0537 

+0. 2203 

+0.1668 

+0. 170 

169.0 

75.1 

+37.6 

+2.71 

2.00 

+28. 34 

2.78 

1:49 

37.6 

|  -0.0036  -0.0657 

+0. 3293 

+0. 2636 

+0.267 

171.0 

76.0 

+38.4 

+2.76 

2.02 

+44. 51 

4.39 

1:59 

37.6 

5  -  . 0036  -0. 0737 

+0. 4373 

+0.3636 

+0. 367 

172.0 

76.4 

+38.8 

+2.79 

2.03 

+61. 18 

6.06 

2:09 

37.4 

+>  >>  -0. 0037  -0. 0777 

+0.4553 

+0. 3776 

+0. 331 

172.0 

76.4 

+39-0 

♦2.81 

2.04 

+63. 51 

6.29 

2:23 

37.6 

5  ft  -0.0038  -0.0797 

+0. 4723 

+0. ^926 

+0.396 

172.0 

76.4 

+38.8 

+2.79 

2.03 

+66.01 

6. 54 

2:26 

37.6 

eg.  -0.0046  -0.0827 

+0.4973 

+0.4146 

+0.  U19 

214.0 

95.1 

+57.5 

+4.14 

2.53 

+69. 85 

6.91 

2:42 

37.5 

O  0.  -0. 0061  -0. 0832 

+0. 4973 

+0. 4141 

+0.L20 

179.0 

79.5 

+42.0 

+3.02 

2.12 

+70. 01 

6.90 

Lowering  top  of  test  device 

2:49 

37.6 

>,  -0.  0062  -0. 0836 

+0. 4065 

+0.4129 

♦0.419 

159.0 

70.7 

+33.1 

+2. 38 

1.88 

+69. 85 

6.88 

2:56 

37.5 

ft  -0.0062  -0.0834 

+0.4955 

+0. 4121 

+0. 418 

146.0 

64.9 

+27.4 

+1.97 

1.73 

+69. 68 

6.87 

3:02 

37.6 

&  -0.0063  -0.0804 

+0.4829 

+0. 4024 

+0.409 

116.0 

51.6 

+14.0 

+1.01 

1.37 

+68. 18 

6.71 

3:13 

37.6 

2  -0. 0063  -0. 0739 

+0.4545 

+0.3806 

+0.387 

88, 

.5 

39.3 

+1.7 

+0.12 

1.04 

+64.91 

6.34 

3:24 

37.6 

-o.oo64  -0.0656 

+0. 394.3 

+0. 3287 

+0.335 

58.5 

26.0 

-11.6 

-0.81+ 

O.69 

+55. 84 

5.48 

3:35 

37.6 

•I?  -o.oo64  -0.0607 

+0. 3037 

+0. 2430 

+0. 249 

33.5 

14.9 

-22.7 

-1.63 

0.40 

+41. 51 

4.05 

3:45 

37.4 

0  -0.0064  -0.0567 

+0.2213 

+0. 1646 

+0. 171 

16.5 

7.3 

-30.1 

-2.17 

0.20 

+28. 51 

2.74 

3:58 

37.5 

3  -0.0065  -0.0533 

+0. 1478 

+0.0945 

+0. 101 

6.5 

2.9 

-34.6 

-2.49 

0.08 

+16. 84 

1.58 

4:08 

37.5 

c  -0.0065  -0.0512 

+0. 1139 

+0.0627 

+0.069 

2 

.5 

1.1 

-36.4 

-2.62 

0. 03 

+11. 50 

1.05 

5:13 

37.4 

5  -0. 0115  -0. 0503 

+0.  0694 

+0.0191 

+0. 031 

5.0 

2.2 

-35.2 

-2.53 

0.06 

+5.17 

0.52 

5:46 

37.4 

0  -0. 0118  -0. 0488 

+0. 0653 

+0. 0165 

+0.028 

5.0 

2.2 

-35.2 

-2. 53 

0.06 

+4.67 

0.28 

9:46 

37.5 

G  -C. 0118  -0. 0487 

+0. 0536 

+0.0049 

+0.017 

a.o 

3.6 

-33.9 

-2. 44 

0.10 

+2.83 

0.08 

21:46 

37.5 

&  -0. 0142  -0. 0504 

+0. 0361 

-0.0143 

-0.0001 

11 

.0 

4.9 

-32.6 

-2. 35 

0.13 

-0.02 

-0.24 

22:11 

35.5 

0  -0. 0134  -0. 0485 

+0. 0360 

-0.0125 

+0.0009 

10 

.0 

4.4 

-31.1 

-2. 24 

0.12 

+0. 15 

-0.21 

Lowering  surface 

pressure 

22:17 

29.6 

-0. 0073  -0. 0416 

+0. 0363 

-0. 0053 

+0.0020 

11 

.0 

4.9 

-28.7 

-2.07 

0.17 

+0.33 

-0.09 

22:24 

15.5 

s  +0. 0311  -0. 0056 

+0.0374 

+0. 0318 

+0.0007 

11 

.0 

4.9 

-10.6 

-0.76 

0.32 

+0.12 

0.  53 

22:30 

7.5 

+>  c  >>  +0. 0820  +0. 0522 

+0.0429 

+0. 0951 

+0. 0131 

7 

.0 

3.1 

-4.4 

-0.32 

0.41 

+2.18 

1.59 

22:36 

3.5 

8  °  ft  +0. 1272  +0. 0979 

+0. 0452 

<  . 143 1 

♦0. 0159 

7 

.5 

3.3 

-0.2 

-0.01 

0.94 

+2.65 

2.39 

22:46 

0 

»Sg,to.  2188  +0. 1859 

+0.0458 

+0.2317 

+0.0129 

10 

.0 

4.4 

+4.4 

+0.32 

— 

+2.15 

3.86 

23:13 

0 

Ho.  +0. 2406  +0. 2044 

+0. 0463 

+0. 2507 

+0.0101 

10 

.0 

4.4 

+4.4 

+0.32 

— 

+1.68 

4.18 

Test  6 

:1C 

5.7 

1.6  0.023  0.023 

0.006 

0.029 

-0.006 

NA 

1.2 

-4.5 

-0.33 

0.21 

-1.00 

0.48 

0:21 

9.8 

2. 9  0. 070  0. 072 

0.016 

0.088 

-0. 018 

3.1 

-6.7 

-0. 49 

0.32 

-3.00 

1.47 

0:32 

14.8 

6.5  0.155  0.150 

0.C31 

0.181 

-0.026 

5.9 

-8.9 

-0.65 

0.40 

-4.33 

3.02 

0:47 

19.9 

12.9  0.274  0.263 

0.051 

0.414 

-0. 040 

9.6 

-10.3 

-0.76 

0.48 

-6.67 

5.23 

1:27 

24.3 

18. 2  0. 418  0.  380 

0.072 

0. 452 

-0. 034 

13.6 

-11.  2 

-0.82 

0. 55 

-5.67 

7.53 

(Continued) 


Note:  NA,  not  applicable. 

*  Force  on  top  not  reliable,  top  into  stop. 


(3  of  5  sheets) 
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Table  5  (Continued) 


Dimensionless  Parameters 

Area  Acting  on 

Top  of  Device,  psi 

Pres: 

sure 

Deflection 

Pressure 

Deflections, 

in. 

PT 

AD 

dt 

pr, 

P 

Ds 

dt 

dt 

p 

AD  C 

PT  AP 

Si 

ps 

^  X  1000 

F  x  i°° 

1:47 

29.2 

22.8 

0.554 

c.494 

0. 091 

Test  6 

0.585 

.  (Continued) 

-0.031  IIA 

17.2  -12.0 

-0.88 

0.59 

-5.17 

9-  75 

2:07 

36.3 

31.2 

0.766 

0.660 

0. 119 

0. 124 

0.779 

-0. 013 

22.4  -13.9 

-1.02 

0.62 

-2. 17 

12.99 

2:20 

37.5 

33.2 

0.810 

0.699 

0.823 

-0. 013 

23.4  -14.1 

-1. 04 

0.62 

-2.17 

13.72 

3:08 

36.5 

33.8 

0.847 

0.728 

0. 127 

0.855 

-0.008 

24.0  -12.5 

-0.92 

0.66 

-1.33 

14.25 

3:28 

39-3 

36.8 

O.885 

0.757 

0. 132 

O.889 

-0.004 

25.0  -14.3 

-1.05 

0.64 

-0.67 

14.82 

U:  05 

25.0 

23.6 

0.860 

.7- 

0. 120 

O.856 

-0.004 

22.  5  -2.  5 

-0.18 

0.90 

-0.67 

14.27 

It:  1*1 

19.0 

18.6 

0.829 

0.706 

0.  no 

0.816 

-0.013 

20. 7  +1. 7 

♦0.12 

1.09 

-2.17 

13.  60 

5:00 

14.7 

14.6 

0.803 

0.679 

0. 100 

0.779 

-0. 024 

18.9  +4.2 

♦0.31 

1.29 

-4.00 

12.99 

5:11 

9.5 

10.7 

0.75i 

0.632 

0.082 

0.714 

-0. 037 

15.5  +6.0 

+0.44 

1.63 

-6.17 

11.90 

5:23 

4.8 

5.9 

0.684 

0.571 

0.057 

0.628 

-0. 056 

10. 8  +6. 0 

♦0.44 

2.25 

-9.33 

10.47 

5:38 

0 

3.4 

O.56O 

'..464 

0.018 

0.482 

-0. 078 

3. 5  +3. 5 

+0.26 

— 

-13.00 

8.03 

6:04 

0 

2.8 

0. 535 

0.437 

0.014 

0.451 

-0.084 

2. 7  +2. 7 

♦0.20 

— 

-14.00 

7. 52 

6:16 

5.0 

3.4 

0.548 

0.449 

0.030 

0.479 

-0.069 

5.6  +0.6 

♦0.04 

1.12 

-11. 50 

7.98 

6:38 

9.7 

6.2 

0.584 

0.484 

0.048 

0.532 

-0. 052 

9.0  -0.7 

-0. 05 

0.93 

-8.67 

8.87 

6:44 

15.2 

11. 5 

0.645 

0.537 

0.069 

0.606 

-0.039 

13.0  -2.2 

-0.16 

0.86 

-6.50 

10. 10 

7:09 

25.7 

21.2 

0.759 

0.638 

0.093 

0.731 

-0.028 

17.5  -6.2 

-0.60 

0.68 

-4.67 

12.19 

7:22 

30.2 

27.4 

0.810 

0.681 

0.105 

0.786 

-0.  024 

19. 8  -10. 4 

-0.76 

0.66 

-4.00 

13.10 

7;ltl 

38.5 

36.2 

0.932 

0.789 

0. 130 

0.919 

-0. 013 

22.6  -15.9 

-1.17 

0.59 

-2.17 

15.32 

23:11 

38.0 

39-0 

1.004 

0.862 

0. 138 

1.000 

-0.004 

26.1  -11.9 

-0.87 

0.69 

-0.67 

16.67 

29:31 

38.0 

39.6 

1.011 

0.867 

0.139 

1.006 

-0.005 

26.3  -11.7 

-0.86 

0.69 

-O.83 

16.77 

34:21 

37.5 

42.1 

1.020 

■  ■  7: 

0.139 

1.012 

-0.008 

26.3  -11.2 

-0.82 

0.70 

-1.33 

16.87 

50. 39 

39.5 

39-3 

1.035 

0.886 

0.141 

1.027 

-0.008 

26.6  -12.9 

-0.95 

0.67 

-1.33 

17.12 

55:28 

38.7 

39.0 

1.036 

0.887 

0.141 

1.028 

-0.008 

26.6  -12.1 

-0.89 

O.69 

-1.33 

17. 14 

59:30 

38.7 

39-0 

1.038 

0.890 

0. 141 

1.031 

-0.007 

26.6  -12.1 

-0.89 

0.69 

-1.17 

17.19 

70: 17 

38.5 

39.0 

1.042 

0.  J92 

0.141 

1.033 

-0.009 

26.6  -11.9 

-0.87 

0.69 

-1.50 

17.22 

70:49 

34.1 

35.1 

1.039 

0.892 

0.140 

1.032 

-0.007 

26.4  -7.7 

-0. 57 

0.77 

-1.17 

17.20 

71:05 

29.8 

31.2 

1.034 

0.883 

0.137 

1.020 

-0. 014 

25.9  -3.9 

-0.29 

0.87 

-2.33 

17.00 

71:18 

24.2 

25.8 

1.022 

0.873 

0.132 

1.005 

-0. 017 

25. 0  +0. 8 

+0.06 

1.03 

-2.83 

16.75 

71:30 

18.0 

20.2 

1.000 

0.859 

0.124 

0.983 

-0.017 

23.5  +5.5 

+0.40 

1.30 

-2.83 

16.39 

71:40 

13.5 

16.6 

0.980 

0.833 

C.U5 

0. 948 

-0.032 

21.8  +8.3 

+0.61 

1.61 

-5.33 

15.80 

71:50 

8.0 

11.2 

0.933 

0.793 

0.094 

0.887 

-0.046 

17.8  +9.8 

+0.72 

2.23 

-7.67 

14.79 

72:49 

0 

8.7 

0.748 

0.626 

0.032 

0.658 

-0.090 

-0.008**  K 

6.0  +6.C 

+0. 44 

-15.00 

10.97 

0:18 

5.5 

5.2 

0.016 

0.019** 

0.005 

0. 021- 

A 

3.8  -1.7 

-0.13 

0.69 

-1. 33** 

0. 40** 

0:29 

10.0 

10.7 

0.063 

0.069** 

0.011 

0.060 

-0. 017** 

8.4  -1.6 

-0.12 

0.84 

-2.83** 

1. 33** 

0:39 

15.0 

16.5 

0.150 

0.160** 

0.016 

0.176 

-0. 026** 

12. 2  -2.  8 

-J.21 

0.81 

-4.33** 

2.93** 

0:54 

20.2 

22.3 

0.277 

0.296** 

0. 021 

0.317 

-0.  OkO** 

17. 4  -2. 6 

-0.21 

0.86 

-6.67** 

5. 28** 

1:08 

24.9 

28.2 

0.411 

0.430** 

0.025 

0.455 

-0. 01*4** 

22.2  -2.7 

-0.20 

0.89 

-7. 33** 

7.58** 

l:l6t 

1:33 

29.7 

0 

0 

0.292 

0. 287** 

— 

0.287 

+0. 005** 

_ 

— 

+0. 83** 

4.78** 

0 

0 

0 

0.275 

0.262** 

— 

0.262 

+0. 013** 

— 

— 

— 

+2. 17*"* 

4.37** 

0:22 

10.0 

12.1 

0. 302 

0.296** 

0.008 

0.304 

-0.002** 

6.1  -3.9 

-0.29 

0. 61 

-0. 33** 

5.07** 

0:36 

19.9 

21.0 

0.398 

0. 401** 

0.019 

0.420 

-0. 022** 

14.5  -5.4 

-0.40 

0.73 

-3.67** 

7.  co** 

0:57 

30.0 

36.1 

0.579 

0.584** 

0.029 

0.613 

-0. 034** 

24.7  -5.3 

-0.39 

0.82 

-5.67** 

10. 22** 

1:16 

35.2 

47.4 

0.755 

0. 752** 

0.034 

0.786 

-0. 031** 

30.2  -5.0 

-0.37 

0.86 

-5.17** 

13.10** 

1:37 

37.5 

46.2 

0.857 

0.845** 

0.036 

0.881 

-0. 02U** 

31.9  -5.6 

-0.42 

0.85 

-4.00** 

14.68** 

2:06 

37. 4 

46.1 

0.894 

0.879** 

0.036 

0.915 

-0. 021** 

31.9  -5.5 

-0. 4l 

0.85 

-3. 50** 

15.  25** 

2:21 

29.8 

37.1 

0.884 

0. 873** 

0.031 

0.904 

-0. 020** 

27.5  -2.3 

-0.17 

0.92 

-3.33** 

15.06** 

2:31 

20.0 

25.1 

O.856 

.  »•» 

0.023 

0.862 

-0.006** 

18.0  -2.0 

-0.15 

0.90 

-1.00** 

14.37** 

2:42 

10.1 

1.0 

0.789 

0. 763** 

o.on 

0.774 

+0. 015** 

8.4  -1.7 

-0.13 

0.83 

♦2.50** 

12. 90** 

2:57 

0 

0 

0.636 

0. 607** 

0 

0. 603 

♦0. 033** 

0  0 

-- 

— 

+5.50** 

10. 05** 

4:06 

0 

0 

0.605 

0.566** 

0 

0.566 

+0. 039** 

Test  6 

-0. 002  r 

0  0 

+6.50** 

9.43** 

0:08 

5.0 

1.7 

0.031 

0.029 

0.004 

0.033 

u\ 

2.0  -3.0 

-0.03 

0. 40 

-0.33 

0. 55 

0:18 

10.0 

5.4 

0.127 

0.118 

0.013 

0.131 

-0.004 

7.0  -3.0 

-0.3 

0.70 

-C.67 

2.18 

0:43 

20.0 

0.399 

0.373 

0. 031 

0. 404 

-0.005 

16.0  -4.0 

-0.4 

0.80 

-0.83 

6.73 

1:30 

30.0 

0.727 

0. 685 

0.048 

0.733 

-0.006 

25.0  -5.0 

-0.4 

0. 83 

-1.00 

12. 22 

1:58 

40.0 

.. 

0.980 

0.922 

0.066 

O.988 

-0.007 

34.0  -6.0 

-0.5 

0.85 

-1.17 

16.47 

2:09 

45.0 

50.9 

1.086 

1.020 

0.074 

1.094 

-0.008 

39.0  -6.0 

-0.5 

0.87 

-1.33 

18.24 

2:21 

50.0 

56.3 

1.184 

1.112 

0.062 

1.194 

-0. 010 

43.0  -7.0 

-0.6 

0.86 

-1.67 

19.90 

2:32 

55-0 

61.4 

1.263 

1.184 

0.090 

1. 274 

-o.on 

47.0  -8.0 

-0.7 

O.85 

-1.83 

21.23 

2:46 

60.0 

66. 3 

1.  344 

1.259 

0.097 

1.356 

-0. 012 

51.0  -9.0 

-0.8 

0.85 

-2.00 

22.60 

3:04 

65.0 

72.0 

1.408 

1.324 

0.106 

1. 430 

-0. 022 

55.0  -10.0 

-C.9 

O.85 

-3.67 

23.84 

3:19 

70.0 

76.7 

1.445 

1.365 

0.113 

1.478 

-0.033 

59.0  -11.0 

-1.0 

0.84 

-5.50 

24.64 

3:34 

75.0 

79.9 

1. 480 

1.403 

0.120 

1.523 

-0.043 

63.0  -12.0 

-1.1 

0.84 

-7.17 

25.39 

3:57 

100.0 

100.7 

1.596 

1.524 

0.155 

1.679 

-0.083 

81.0  -19.0 

-1.6 

0.81 

-13.84 

27.99 

4:22 

125.0 

.. 

1.661 

1.584 

0.186 

1.770 

-0. 109 

97. 0  -28. 0 

-2.5 

0.78 

-18. 17 

29.  51 

4:48 

150.0 

— 

1.690 

1.622 

0.216 

1.838 

-0. 148 

113.0  -37.0 

-3.2 

0.75 

-24.67 

30.64 

(Continued) 


**  Questionable  values  due  to  malfunction  in  one  of  base  gages. 

t  Pressure  container  broke.  (**  5  sheets) 
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Table  5  (Concluded) 


PS 

L 

Deflections, 

in. 

T03 

Pc 

P 

S 

g 

d. 

b 

dt 

D_ 

AD  5'( 

Test  8 

(Continued) 

1.709 

1.627 

0. 248 

1.675 

-0.166 

. 

1.722 

1.635 

0.280 

1.915 

-0. 193 

.  . 

1.733 

1.640 

0.303 

1.943 

-0.210 

216.0 

1.737 

1.641 

0. 317 

1.958 

-0. 221 

2U0.0 

1. 71*8 

1.644 

0.345 

I.089 

-0. 241 

2h0.  0 

1.766 

1.674 

0.362 

2.036 

-0.270 

235.0 

5 

1.764 

1.671 

0.361 

2.032 

-0.268 

230.0 

h 

* 

1.764 

1.671 

0.361 

2. 032 

-0.268 

225.0 

P* 

O 

1.764 

1.670 

0.360 

2.030 

-0.266 

220.0 

H 

P. 

1.767 

1.673 

0.359 

2. 032 

-0. 265 

215.0 

I 

1.767 

1.673 

0.356 

2.029 

-0.262 

210.0 

c 

1.766 

1.672 

0.354 

2.026 

- 

205.0 

0 

1.672 

0.352 

2.024 

-0.258 

20C.  0 

*> 

U 

1.764 

1.672 

0.350 

2.022 

-0.258 

195.0 

l 

1.764 

1.671 

0.347 

2.018 

-0.254 

190.0 

*-> 

1.764 

1.671 

0.344 

2.015 

-0.251 

165.0 

O 

c 

1.765 

1.671 

0.328 

1.999 

-0.234 

lhO.O 

<y 

1.764 

1.672 

0. 305 

1.977 

115.0 

S’ 

1.764 

1.672 

0.274 

1.946 

-0. 182 

90.0 

0 

1.767 

1.673 

0.243 

1.916 

-0. 149 

65.0 

1.767 

1.674 

0.202 

1.876 

-0.IC9 

40. 0 

1.766 

1.645 

0.145 

1.790 

-0.024 

15.0 

1.7.- 

1. 513 

0.075 

1.588 

•  .  li  ■ 

0 

1.034 

0.984 

0.008 

0.992 

+0. 042 

0 

0.973 

0.943 

0.005 

0.948 

+0.025 

Force  For  Unit 
Area  Acting  on 
>p  of  Device,  p 


129.0 

-54.0 

-4.9 

0.74 

-27.67 

31.26 

146.0 

-54.0 

-4.9 

0.73 

-32.17 

31.92 

158.0 

-57.0 

-5.1 

0.73 

-35.01 

32.39 

163.0 

-53.0 

-4.8 

0.75 

-36.84 

32.64 

182.0 

-58.0 

-5.2 

0.76 

-40. 17 

33.16 

205.0 

-35.0 

-3.2 

0.85 

-45.01 

33.94 

204.0 

-31.0 

-2.3 

0.87 

-44.68 

33.87 

204.0 

-26.0 

-2.3 

0.89 

-44.68 

33.87 

202.0 

-23.0 

-2.1 

0.90 

-44. 34 

33.84 

201 

-19.0 

-1.7 

0.91 

-44. 18 

33.87 

195.0 

-20.0 

-1.8 

0.91 

-43. 68 

33.82 

191.0 

-19.0 

-1.7 

0.91 

-43.34 

33.77 

I89.O 

-16.0 

-1.4 

0.92 

-43.01 

186.0 

-14.0 

-1.3 

0.93 

-43.01 

33.71 

183.0 

-12.0 

-1.1 

0.94 

-42. 34 

33.64 

181.0 

-9.0 

-0.8 

0.95 

-41.84 

33.59 

171.0 

+6.0 

+0.5 

1.04 

-39.01 

33.32 

159.0 

+19.0 

+1.7 

1. 14 

-35. 51 

32.96 

143.0 

+28.0 

+2.5 

1.24 

-30.34 

32.44 

127.0 

+37.0 

+3.3 

1.41 

-24.84 

31.94 

105.0 

+4o.O 

+3.6 

1.62 

-18. 17 

31.27 

76.0 

+36.0 

+3.2 

1.90 

-4.00 

29.84 

39.0 

+24.0 

+2.2 

2.60 

+27.33 

26.47 

4.0 

+4.0 

+0.4 

— 

♦7.00 

16.54 

3.0 

+3.0 

+0.3 

— 

+4. 17 

15.80 
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Table  6 


fummary  of  Dynaml  .•  Ar  :hlng  Data 


Dimensionless  Parameters' 


Pres 

sure 

.  r  1  •  r 

Unit  Area 

Pressure 

Del  le* 

stion 

Lefl 

actions 

.  in. 

Acting  on  T-p 

f  Device,  psi 

2AP 

T 

An 

0T 

t 

msec 

fs 

P 

:S£iS 

S 

j 

Dt 

AD 

Damping 

Inertia 

Spring 

PT 

AP 

*S 

Y  •<  1000 

T  *i°° 

>rt 

11 

Initial 

0 

3.5 

0.011 

0.007 

0.013 

0.020 

-0.009 

0 

0 

1.3 

1.30 

-2.2 

-0.14 

__ 

-1.50 

0.33 

2 

25.0 

0 

0 

0  • 

0 

0 

0 

0 

0 

0 

0 

-25.0 

-1.6l 

-- 

0 

0 

3 

34.0 

2.4 

0 

0 

0 

0 

0 

+0.1 

+1.3 

0 

1.40 

-32. ■: 

-2.09 

0.04 

0 

0 

4 

30.1 

7.0 

0.008 

0 

0.009 

0.009 

-  . 

+0.3 

+1.9 

3.7 

5.90 

-30.0 

-1.94 

O.lf 

-0.17 

0.15 

5 

37.0 

12.7 

0.016 

J.006 

0.113 

0.019 

-0.003 

■*0.8 

+3.8 

5.3 

9.90 

-27.0 

-1.74 

0 .2f 

-0.50 

0.32 

6 

36.0 

18.2 

0.028 

0.011 

0.023 

0.035 

-0.007 

+1.3 

+3.8 

9.4 

14.50 

-22.5 

-1.45 

0.39 

-  . 

0.58 

7 

36.6 

21.2 

0.048 

0.031 

0.030 

0.061 

-  . 

+1.3 

+2.3 

12.2 

15.80 

-21.0 

-1.35 

0.43 

-2.17 

1.02 

3.5 

36.3 

25.2 

0.080 

0.030 

0.048 

0.128 

-0.040 

■*0.9 

0 

19.5 

20.40 

-16.0 

-1.02 

O.56 

2.14 

10 

36. ? 

29.2 

0.117 

0.120 

O.061 

0.181 

-.■•I. 

+0.6 

-0.8 

24. Q 

24.60 

-11.5 

-0.74 

2.68 

-10.67 

3.02 

12 

38.0 

30.4 

0.153 

0.155 

0.066 

0.221 

.0.060 

+0.3 

-1.9 

26.9 

25-30 

-10.5 

-a.60 

0.70 

-n-33 

3.68 

13 

36.0 

29.3 

0.173 

0.175 

0.068 

0.243 

-0.070 

♦O.20 

-1.6 

27.7 

26.30 

-9.5 

-0.62 

0.73 

-11.67 

4.05 

15- 

35.5 

29.2 

0.197 

0.212 

0.068 

0.230 

0 

-1.5 

27.7 

26.20 

-9-5 

-0.61 

0.74 

-13.34 

4.67 

17* 

35.0 

27.9 

0.210 

0.219 

0.066 

0.235 

-0.075 

♦0.10 

-0.8 

26.9 

26.20 

-9.0 

-0.50 

0.75 

-12.50 

4.75 

20* 

35.0 

24.8 

0.218 

0.225 

0.064 

0.239 

-0.071 

0 

0 

26.0 

26.00 

-9.0 

-0.50 

0.74 

-11.34 

4.82 

50” 

34.0 

21.0 

0.234 

0.237 

0.059 

0.296 

-0.062 

0 

0 

24.0 

24.00 

-10.0 

-0.64 

0.71 

-1C. 35 

4.93 

100** 

23.0 

20.0 

0.234 

0.237 

0.058 

0.295 

-0.061 

0 

0 

23.6 

23.60 

-6.5 

-0.29 

0.84 

-10.16 

4.92 

500** 

3.6 

0 

0.160 

0.164 

0.018 

0.182 

-0.022 

0 

0 

7.3 

7.30 

-1.3 

-0.00 

O.85 

-5-67 

3-23 

Test 

J2 

Initial 

0 

1.1 

0.089 

\ 

0.004 

0.054 

•*0.035 

0 

0 

1-5 

1.5 

+0.5 

♦0.03 

1.36 

+5.83 

0.90 

3 

66.0 

7.0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-66.0 

-4.53 

0 

0 

4 

70.0 

14.0 

0.002 

0 

0.00.4 

0.008 

-  .  ■ 

•*0.3 

♦4.0 

3.0 

■'•3 

-62.5 

-4.29 

0.10 

-1.00 

0.13 

5 

70.0 

32.0 

0.035 

0.015 

0.029 

0.044 

-1.009 

+1.2 

♦20.2 

. 

32.4 

-37.5 

-2.57 

0.**6 

-1.50 

0.73 

6 

69.0 

47.0 

0.  . 

0.025 

0.070 

0.095 

-  .  . 

+2.5 

+9-1 

26.6 

38.2 

-31.0 

-2.13 

0.55 

-2.17 

1.53 

7 

69.0 

57.0 

0.140 

0.047 

J.110 

.157 

-  . 

+1.8 

♦2.6 

41.8 

46.2 

-23.0 

-1.58 

0.67 

2.62 

10 

69.0 

62.  J 

0-373 

0.295 

0.139 

9.4  34 

-0.061 

-0.2 

♦3.0 

52.3 

55-6 

-13-5 

-  -93 

-  .31 

-  • 

7.23 

11 

•M.O 

63.0 

0.443 

-0  397 

0.14  5 

0-537 

-0.094 

+0/ 

0 

55-1 

55- T 

-13-5 

-  -93 

0.31 

-15.6: 

8.95 

12 

68.0 

65.0 

0.520 

0.400 

-.151 

0.631 

-0.118 

+0.6 

-1.1 

57.4 

56-9 

-11.0 

-  -75 

-.32 

-19.6 t 

10. 52 

13 

66.3 

67.0 

0.594 

0.579 

.154 

0.733 

-  • 

+0.3 

-2.3 

50-5 

56-5 

-11.5 

-  .79 

.  .34 

-23-1’ 

12.22 

14 

66.0 

67.0 

0.650 

0.670 

0 . 154 

.  ■  • 

-J.  1  ’4 

♦0.6 

-2.4 

53.5 

56.7 

-11.5 

-0.79 

-.33 

-29.00 

13-73 

15 

67.0 

67.0 

0.700 

0.  *  *0 

0.153 

O.923 

-0.223 

-0.1 

-3.6 

58.1 

54.4 

-12.5 

-0.86 

0.81 

-37. If 

15-39 

16 

67.0 

— 

— 

0.152 

— 

— 

0 

-3.6 

57.8 

54.2 

-13.0 

-0.89 

0.31 

_ 

10* 

66.0 

69.O 

0.870 

0.960 

0.153 

1.113 

-0.24  3 

-0.3 

-3.6 

53.1 

54.2 

-12.0 

-0.82 

0.82 

-40.50 

18-55 

24* 

66.0 

77.0 

1.050 

1.140 

0.161 

1.301 

-0.251 

0 

-3.0 

61.2 

50.2 

-8.0 

-0.55 

0.88 

-41.00 

21.68 

50** 

59-0 

57.0 

l.o4a 

1.130 

0.148 

1.278 

-0.238 

0 

0 

56.2 

56.2 

-3.0 

-0.21 

0.95 

-39.70 

21.30 

IOC*  • 

4'.  .0 

52.0 

1.060 

1.130 

0.144 

1.274 

-0.214 

0 

0 

54.7 

54.7 

♦10.5 

♦0.72 

1.24 

-35-67 

21.23 

500*  • 

0 

18.0 

1.025 

1.071 

0.096 

1.167 

-0.142 

0 

0 

36.5 

36.5 

+36.5 

♦2.50 

.. 

-23-6? 

19.45 

Final 

0 

11.0 

0.627 

O.6O3 

0.002 

0.605 

♦0.022 

*■> 

0 

0.8 

0.0 

♦1.0 

♦0.07 

— 

♦3-67 

10.00 

Tcrt 

2 

14.1.0 

2.5 

0 

0 

0.003 

♦0.003 

-0.003 

0 

+1.8 

1.3 

3.10 

-137.0 

-10.72 

0.02 

-0.50 

0.05 

3 

151.0 

8.0 

0 

0 

0.006 

.0.006 

-0.006 

+0.4 

+1.0 

2.3 

5.00 

-146.0 

-11.1.2 

0.03 

-1.00 

0.10 

4 

14<i.o 

30.0 

0.036 

0 

o.o4l 

o.o4l 

-0.005 

+2.9 

+19.0 

17.7 

39.60 

-109.O 

-3.56 

0.27 

-0.83 

0.68 

4.5 

149.0 

57.0 

• 

0.(20 

.060 

0.080 

-0.005 

+  .1 

+39.5 

25.5 

. 

-  ’  . 

-6.01 

0.48 

-0.83 

1.30 

6 

149.0 

112.0 

0.250 

..  . 

.157 

0.259 

-0.009 

+t>.9 

+0.5 

• 

02.90 

-5- IT 

0.56 

-1.50 

4.30 

7 

147.0 

132.0 

.402 

0.232 

0.190 

0.422 

-0.020 

♦4.0 

+7.1 

81.8 

92.90 

-54.0 

-4.23 

0.63 

-3.33 

7.00 

8 

145.0 

147.0 

0.564 

0.203 

0.590 

- ).  • 

+2.3 

+6.5 

. 

96.00 

-49.0 

-3.83 

0.66 

-4.33 

9.00 

10 

141.0 

143.0 

.929 

0.760 

.218 

0.978 

-0.049 

+1.3 

+1.4 

93.5 

96.20 

-45.0 

-3-51 

0.68 

-8.17 

16.30 

12.5 

138.0 

150.  D 

1.305 

1.100 

0.243 

1.420 

-0.115 

+2.1 

-0.7 

104.3 

105.70 

-32.3 

-2.53 

0.77 

-19.20 

23.70 

13.5 

138.0 

146.0 

1.510 

1.440 

0.254 

1.690 

-0.180 

-0.2 

-2.8 

109.0 

106.00 

-32.0 

-2.53 

0.77 

-30.00 

28.20 

15.0* 

137.0 

137.0 

1.670 

1.600 

0.048 

-0.260 

-0.1 

-5.0 

106.3 

101.20 

-35.8 

-2.80 

0.74 

-43.30 

32.20 

17.0* 

■ 

145.0 

1.96c 

2.010 

0.250 

. 

-0.300 

+1.3 

-7.0 

107.2 

101.50 

-35.5 

-2.78 

0.74 

-50.00 

37.70 

50.0** 

121.0 

110.  c 

1.960 

:  ,o4o 

0.248 

2.290 

-0.330 

0 

0 

105.7 

105.70 

-15-3 

-1.20 

0.87 

-55.00 

38.20 

100*  • 

109.0 

95.0 

1.910 

2.030 

1.237 

■  .  • 

-  1.360 

0 

0 

100.9 

100.90 

-8.1 

-0.63 

0.93 

-60.00 

37.00 

500*  • 

0 

23.5 

1.710 

1.790 

0.078 

1.870 

- 

0 

0 

33.0 

33.00 

+33.0 

+2.56 

-26.70 

31.20 

.•'■e t  lb 


Initial 

0 

— 

0.120 

0.035 

0.010 

0.045 

+0.075 

dages 

6.0 

6.00 

+6.0 

+0.39 

+12.50 

0.75 

2 

203.0 

0 

0 

0 

0 

0 

0 

did 

0 

0 

-203.0 

-13.30 

0 

0 

3 

237.  ) 

2.0 

0 

0 

0.009 

0.009 

-0.009 

5.5 

. 

-232.0 

-15.20 

0.02 

-1.50 

O.I5 

4 

245.0 

85.0 

0.013 

0 

0.133 

0.133 

-0.120 

not 

01.5 

-I63.O 

-10.70 

.33 

-20.00 

. 

5 

243.0 

200.0 

0.151 

0.079 

.194 

0.273 

-0.122 

function 

118.9 

119.00 

-124.0 

-8.10 

0.49 

-  . 

4.55 

7 

237.0 

223.0 

0.698 

0.540 

0.290 

0.830 

-0.132 

177.8 

178.00 

-59.0 

-3.8c 

0.75 

-22.00 

13.80 

9 

• 

205.  ' 

1.210 

1.040 

0.306 

1.346 

-0.136 

187.6 

.  . 

-41.0 

-2.68 

0.82 

-22.67 

22.40 

10 

2: 4. 

210.0 

1.480 

1.310 

0.309 

1.019 

-  ..  9 

189.4 

). 

-35.0 

-2.29 

0.34 

-23.20 

27.00 

11 

. 

215.0 

1.760 

I.630 

0.320 

1.Q50 

-0.190 

190.8 

197.00 

-2r>. 

-l.t*4 

0.39 

-31. 

32.50 

12  • 

.  19.0 

231.0 

-  .030 

1.860 

0.333 

2.193 

-  .  U 

204.0 

204.00 

-15.0 

-0.98 

0.93 

-27.20 

36.60 

50“  • 

175.0 

180.0 

2.380 

2.210 

0.327 

2.537 

-0.157 

200.0 

200.00 

+25.0 

+1.64 

1.14 

-26.20 

42.30 

1 

125.0 

lo3.0 

:  .480 

2.21) 

0.3 11* 

2.524 

-  .  • 

192.5 

■  . 

+67.O 

+M8 

1.5*i 

-  .  - 

42.10 

50-3*  • 

0 

42.5 

2.910 

L.9 

0.133 

2.113 

+0.800 

61.5 

. 

+82.0 

+5.37 

♦1  . 

35.20 

.  innl 

0 

-- 

.  .810 

1.43 

.015 

1.44  V 

+1.360 

(Continued) 

+9.2 

9.20 

+9.0 

*0.59 

-- 

♦227.00 

24.10 

Hote:  t  ,  time  after  zero;  Pr  ,  surface  pressure  at  tine  t  :  Fg  ,  average  soil  pressure  in  the  "undisturbed"  region  at  the  35-in. 

level;  Dr  ,  soil  deflection  at  35-in.  level;  4^  ,  deflection  of  base  of  test  device;  d^  ,  deflection  of  top  with  respect  to  base 
of  test  device;  DT  ,  total  deflection  of  test  device  (d^  +  dt);  AC  ,  differential  deflection  (fy-  -  Dg);  PT  ,  average  force  acting 
on  top  of  test  device;  ^p  ,  differential  pressure  (PT  -  Pg);  ,  unconfined  compressive  strength  of  soil;  E  ,  diameter  of  test 

device. 

*  Results  measurably  affected  by  reflections. 

••  Affected  by  reflections  and/or  reduced  surface  pressure. 
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AD  ivunpinc  In-  rtia  Sprint:  T 


Initial 

0 

0.5 

0.060 

0.060 

0 

0.060 

0 

0 

1 

28.0 

17.0 

0.005 

0 

0.011 

0.011 

-0.006 

+0.5 

2 

31.0 

23.0 

0.030 

1.001 

0.036 

0.037 

-  . 

-  . 

4 

38.5 

36.0 

0.105 

0.042 

.  . 

-  . 

■H  .4 

5 

39.0 

36.0 

0.11(0 

0.080 

. 

-  . 

-  . 

6 

39.0 

36.0 

0.207 

0.126 

0.083 

0.209 

-0.002 

-  . 

8 

38.5 

-  • 

0.312 

.233 

3.084 

0.317 

-0.005 

-o.f 

10 

38.5 

36.0 

0.416 

.357 

0.085 

.44; 

-  . 

-1.0 

12 

36.0 

34.0 

0.513 

0.458 

0.085 

.  1 

-0.030 

-0.4 

14* 

37.5 

35.0 

'  .002 

0.561 

0.085 

0.646 

-0.041* 

■*0.3 

16* 

37.0 

35.0 

0.054 

0.c33 

0.085 

0.716 

-0.064 

+0.2 

18* 

37.0 

34.0 

.684 

.070 

0.086 

0.756 

-  ).072 

+0.4 

20* 

37.0 

33.0 

O.090 

0.684 

0.084 

0.768 

-0.076 

0 

22* 

36.5 

31.0 

0.680 

0.670 

0.082 

0.752 

-0.072 

-1.1 

50+ * 

34.0 

29.0 

0.669 

0.641 

0.079 

0.720 

-0.051 

0 

IOO*  » 

31.5 

24.0 

0.654 

0.573 

0.073 

1.646 

■*0.008 

0 

-.00*  ■ 

0 

3.2 

0.379 

0.357 

0.008 

0.365 

■HD. 014 

0 

0 

0 

0 

-0.5 

-0.05 

-- 

0 

1.00 

•  . 

4.4 

18.20 

-  :  . 

-o.oe 

.65 

-1.00 

+4.0 

14.4 

20.50 

-  • 

-0.97 

o.<x 

-1.17 

.■ 

+0.7 

28.5 

9.6 

-9.0 

-0.83 

0.77 

-1.33 

1.88 

+0.7 

32.5 

■  • 

-6.5 

-0.59 

-2.00 

2.68 

+0.7 

33.3 

33.3c 

-0.7 

-0.53 

0.85 

-0.33 

3.48 

0 

33.7 

32.80 

-5.6 

-  .5 

0.85 

-0.83 

5.28 

-0.4 

34.1 

. 

-5.8 

-  . 

0.85 

-4.33 

7.37 

-1.7 

34.1 

32.00 

-6.0 

-0.55 

.  k 

-5.00 

9.05 

-2.5 

34.1 

31.90 

-5.5 

-  1 

0.85 

-7.33 

10.77 

-2.8 

34.1 

31.50 

-5.5 

-0.51 

0.85 

-10.67 

11.97 

-  .  ■ 

34.5 

32.50 

-4.5 

-0.42 

0.  - 

-  .  . 

12.60 

-1.7 

33.7 

. 

-5.0 

-0.46 

O.06 

-13.00 

12.80 

-0.6 

32.9 

31.20 

-5.5 

-0.51 

O.S5 

-  1  . 

17.53 

0 

31.7 

31.70 

-2.3 

-0.21 

0.93 

-8.50 

12.00 

0 

29.3 

29.35 

-2.2 

-j.20 

0.93 

+1.30 

10.77 

0 

3.7 

3.20 

+3.2 

+0.30 

— 

+2.30 

6.08 

at  lg 


Initial 

0 

2.8 

0.037 

.075 

3 

33.5 

20.5 

0.011 

0 

4 

37.0 

23.0 

.  '• 

0 .019 

5 

37.5 

28.0 

.  •  4 

0.033 

6 

37.3 

. 

.09? 

.067 

8 

37.2 

0.14  7 

.129 

10 

37.0 

. 

.166 

.190 

12 

37.0 

30.0 

'.231 

9.226 

l4 

36.5 

• 

0.250 

16* 

36.5 

31.0 

0.279 

18* 

36.5 

0.27° 

0.273 

20* 

36.0 

.2  79 

0.271 

50'* 

34.0 

. 

0.293 

0.269 

ICO** 

30.5 

24.0 

.293 

2.269 

500*  • 

0 

0 

0.143 

'.15: 

Final 

0 

0 

0.011 

0.003 

0.001 

0.076 

-0.039 

0 

0.012 

0.012 

-0.001 

+1.2 

(.03  • 

0.049 

-0.003 

+1.5 

o.o4b 

0.081 

-0.017 

+0.9 

0.058 

. 

-  .  9 

+0.5 

0.064 

0.193 

-^.046 

+0.6 

0.064 

0.254 

-0.068 

+0.8 

0.065 

0.291 

-0.060 

+0.7 

0.066 

1.31! 

-0.051 

+0.4 

0.066 

0.331 

-  .  . 

+0.4 

0.067 

0.340 

-O.061 

+0.4 

0.067 

0.338 

-O.059 

+0.3 

0.065 

0.334 

-  . 

0 

0.064 

0.333 

-o.o4o 

0 

0.008 

0.160 

-0.017 

0 

0.002 

0.005 

+O.C06 

0 

0 

0.4 

o.4o 

-2.4 

+4.8 

4.4 

lo.4o 

-23.0 

0 

12.0 

. 

-23.5 

0 

19.2 

. 

-17.5 

0 

23.3 

23.80 

-13.5 

-1.8 

25.7 

.  .. 

-12.5 

-1.7 

25.7 

24.80 

-12.0 

-1.0 

26.1 

25.80 

-11.0 

-1.1 

26.5 

25.80 

-10.5 

-0.7 

26.5 

26.20 

-10.0 

-0.3 

26.9 

27.00 

-9.5 

0 

26.9 

27.20 

-9.0 

0 

26.1 

26.10 

-8.0 

0 

25.7 

25.70 

-5.0 

0 

3.2 

3.20 

+3.2 

0 

0.8 

+0.80 

■to. 8 

-0.15 

— 

-6.5 

1.27 

-:.4l 

0.31 

-0.17 

0.20 

-1.44 

0.36 

-0.50 

0.82 

-1.08 

0.54 

-2. 83 

1.35 

-0.83 

0.64 

-4.83 

2.08 

-0.77 

0.66 

-7.67 

3.22 

-0.74 

0.67 

-11.33 

4.23 

-  .< 

0.70 

-10.00 

4.85 

-0.65 

0.71 

-8.50 

5.27 

-0.62 

0.72 

-8.67 

5.52 

-0.58 

0.74 

-10.17 

5.67 

-0.55 

0.76 

5.63 

-0.49 

0.76 

-6.83 

5.57 

-0.31 

0.84 

-6.67 

5.55 

■to. 20 

-2.83 

2.67 

•to. 05 

-- 

0.08 

2 

39.0 

9.5 

0 

0 

0 

0 

0 

+0.05 

+0.8 

0 

0.05 

-1*94 

0.02 

0 

0 

3 

4o.5 

4.0 

0 

0 

0.003 

0.003 

-0.003 

+0.2 

+1.3 

1.2 

2.70 

-38.0 

-1.94 

0.07 

-0.50 

0.05 

4 

1.  . 

5.5 

0.006 

0 

0.009 

0.009 

-0.003 

+0.4 

+2.5 

3.8 

6.70 

-33.5 

-1.71 

0.17 

-0.50 

0.15 

5 

40.0 

14.0 

0.016 

o.oo4 

0.018 

0.022 

-  .  • 

+1.0 

+5.1 

6.9 

13.00 

-2V.0 

-1.38 

0.32 

-1.00 

0.37 

6 

40.0 

0.034 

0.012 

0.048 

0.060 

-0.026 

+1.4 

+3.4 

19.5 

24.30 

-l6.0 

-0.82 

0.6l 

-4.33 

1.00 

8 

40.0 

44.0 

0.090 

0.054 

0.066 

0.120 

-0.030 

+0.8 

+0.7 

26.9 

28.40 

-11.5 

-0.59 

0.71 

-5.00 

2.00 

10 

4o.o 

40.0 

0.141 

0.115 

0.072 

0.187 

-  . 

+0.3 

-2.0 

29.3 

27.60 

-12.5 

-0.64 

O.09 

-7.67 

3.12 

12 

40.0 

40.5 

0.186 

.179 

0.073 

0.252 

-0.066 

+0.3 

-2.7 

29.7 

27.30 

-13.0 

-0.66 

0.68 

-  . 

4.20 

14 

40.0 

37.3 

0.224 

0.217 

0.073 

0.290 

-0.066 

-0.1 

-2.3 

29.7 

27.30 

-13.0 

-0.66 

0.68 

-11.00 

4.83 

l6» 

39.5 

37.0 

0.243 

. 

0.074 

0.307 

-  .  '• 

+0.2 

-1.3 

30.1 

29.00 

-10.5 

-0.54 

• 

-  . 

5.12 

17* 

39.5 

0.253 

0.236 

0.074 

0.310 

0.057 

0 

-1.0 

30.I 

29.10 

-10.4 

-0.53 

0.74 

-9.50 

5.17 

20* 

39.5 

35.0 

0.250 

.  . 

0.073 

0.304 

-0.054 

+0.3 

0 

29.7 

29.80 

-9.5 

-0.48 

. 

-9.00 

5.07 

50** 

38.0 

31.' 

0.255 

.  -• 

O.O69 

0.305 

-0.050 

0 

0 

28.1 

26.10 

-10.0 

-0.51 

0.74 

-8.33 

5.08 

100** 

36.5 

30.5 

0.275 

0.242 

0.0C9 

0.311 

-0.036 

0 

0 

28.1 

28.10 

-6.5 

-0.43 

0.77 

-6.00 

5-1 

500** 

18.0 

0.5 

■.260 

0.230 

0.049 

0.279 

-  . 

0 

0 

19.9 

20.00 

+2.0 

+0.10 

1.11 

-3.17 

4.65 

-inal 

0 

0.064 

0.013 

0.003 

0.016 

+0.048 

0 

0 

1.2 

1.20 

+1.0 

+0.05 

■  “ 

+8.00 

>.:  J 

Test 

18 

Initial 

0 

6.0 

0.137 

0.060 

0.007 

0.067 

+0.070 

0 

0 

4.3 

4.30 

+2.0 

+0.13 

-- 

+11.67 

1.12 

7 

300.0 

25.0 

0 

0 

0.005 

0.005 

-0.005 

0 

0 

3.1 

3.10 

-297.0 

-19.9“ 

0.01 

-0.83 

0.08 

8 

268.0 

247.0 

0.030 

0 

0.109 

0.109 

-  .  9 

+26.9 

+151.0 

67.2 

245.10 

-53.0 

-3.57 

0.  . 

-13.17 

. 

9 

294.0 

305.0 

0.301 

0.133 

0.248 

0.381 

-0.080 

+19.3 

+35.0 

153.0 

207.30 

-87.0 

-5.85 

0.71 

-13-34 

10 

290.0 

285.0 

0.527 

0.299 

0.358 

0.657 

-0.130 

+4.1 

-22.0 

220.8 

202.90 

-87.0 

-5.85 

0.70  ‘ 

-21.67 

10.95 

11 

283.0 

267.0 

0.803 

0.575 

0.298 

0.873 

-G.070 

-8.2 

-8.7 

183.9 

167.00 

-116.0 

-7.81 

0.59 

-11.67 

•• 

12 

278.0 

272.0 

1.130 

0.881 

0.288 

1.170 

-0.040 

-28.3 

-11.0 

177.8 

138.50 

-140.0 

-9.42 

0.50 

-6.67 

19*50 

13 

274.0 

290.0 

1.380 

1.180 

0.318 

1.500 

-0.120 

-30.2 

+11.0 

177.30 

-97.0 

-6.53 

0.65 

-20.00 

. 

14 

270. 

270. 

1.610 

1.450 

0.338 

1.790 

-0.180 

-  . 

+35.0 

208.9 

222.70 

-47.0 

-3.16 

0.32 

-30.00 

■ 

15 

267.0 

267.0 

1.880 

1.720 

0.366 

2.090 

-0.210 

-33.2 

+2  6.4 

227.2 

220. 4o 

-47.0 

-3.16 

O.83 

-35.00 

34.83 

50* 

100** 

233.0 

202.0 

250.0 

200.0 

2.380 

2.480 

2.130 

. 

0.350 

0.417 

2.480 

2.570 

-0.100 

-0.090 

0 

0 

0 

0 

214.6 

255.6 

214. 60 

255.60 

-18.0 

+54,0 

-1.21 

+3.63 

0.92 

1.27 

-43.34 

-15.00 

• 

•  . 

500** 

0 

68.0 

2.260 

2.l40 

0.412 

2.550 

-0.290 

0 

0 

252.6 

+ 

+17.02 

— 

-48.33 

42.50 

Final 

0 

ll.o 

1.860 

1.460 

0.079 

.  • 

♦0.320 

0 

0 

40.4 

•  .- 

+48.0 

+3.23 

+53-33 

25.67 

(Continued) 

•  Results  measurably  affected  by  reflections. 

•  Results  affected  by  reflections  and/or  reduced  surface  pressure. 
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Table  6  (  Continued) 


Dimensionless  Parameter:; 


r  res  sure 

Force 

per  Unit 

Area 

Press 

ure 

Defied 

tion 

_ KS 

1 - 

Deflections, 

in. 

Acting  •  n  Top  f  Device,  psi 

PAP 

PT 

DT 

msec 

P 

T 

Ds 

n 

dt 

dt 

AD 

Damping 

Inertia 

Spring 

PT 

AP 

% 

ps 

^  X  1000 

Tx  100 

Test  19 

2 

123.0 

0 

0 

'j 

0.039 

0.039 

-0.039 

+5.4 

+56.3 

16.7 

30.40 

-42.5 

-2.41 

0.65 

-6.50 

0.65 

3 

1145.0 

88.0 

'.109 

0 

0.175 

. 

-  .  6t 

+10.4 

+5.0 

74.9 

90.40 

-55.0 

-3.12 

0.62 

-11.00 

2.95 

4 

■ 

136.0 

0.301 

0.108 

0.273 

0.381 

-  . 

-4.2 

0 

116.0 

112.00 

-45.0 

-2.55 

0.71 

-13. 3>* 

6.35 

5 

157.0 

155.0 

0.1*93 

0.268 

0.330 

0.598 

-0.103 

-10.0 

+  1.0 

141.2 

132.00 

-25.0 

-1.42 

0.34 

-ir.50 

9-97 

6 

156.0 

157.0 

0.661 

0.451 

0.327 

.  77 

-0. 117 

-12.6 

+3.5 

140.0 

131.00 

- 

-1.42 

0.84 

-19-.0 

12.97 

6 

155.0 

11.8.0 

1.040 

o.e45 

0.316 

1.160 

-0.120 

-11.9 

♦2.8 

13*t-3 

125.OO 

-  . 

-1.70 

0.81 

-20.00 

19.34 

10* 

153.0 

.  . 

1.370 

1.260 

0.324 

1.580 

-0.210 

-15.6 

0 

138.7 

123.00 

-30.C 

-1.70 

0.80 

-35.00 

26.33 

1.?* 

153.0 

15.°.  0 

1.620 

1.660 

0.346 

2.010 

-4.390 

-14.3 

-6.4 

148.1 

127.40 

-26.0 

-1.47 

0.83 

-65.00 

33-50 

50* 

li;  .0 

r  1.0 

1.750 

1.8)0 

0.377 

2.180 

-0.430 

0 

0 

160.2 

160.00 

♦i  . 

+1.02 

1.13 

-71.67 

36.33 

100 

112. 

108.0 

1.790 

1.870 

0.365 

2.240 

-0.450 

0 

0 

156.0 

I56.OO 

+44.0 

+2.49 

1.39 

-75-00 

37.33 

500 

0 

19.0 

1.1*50 

1.470 

0.104 

. 

-0.120 

0 

0 

44.2 

+44.0 

+  ...  ■ 

-20.00 

26.17 

Test 

2 

30.2 

10.0 

0 

0 

0.002 

. 

-  .  . 

+0.7 

+5.3 

0.2 

6.20 

-24.0 

-1.96 

0.21 

-0.33 

-0. 03 

4 

23.0 

28.0 

0.033 

0. 006 

0. 029 

0.035 

-0.002 

+1.7 

♦1.9 

3.0 

6.60 

-26. 5 

-2. 17 

0.20 

-0.33 

0. 58 

6 

33.0 

32.5 

0. 107 

0.046 

0.066 

0.112 

-  . 

+1.0 

0 

8.9 

7.90 

-25.0 

-2.05 

0.24 

-0.83 

1.87 

6 

33.0 

32.  c 

0.161. 

0. 101 

0.084 

0. 185 

-  .  • 

+0.7 

-0.2 

8.8 

9.30 

-23.5 

-1.92 

0.28 

-3.50 

3.08 

10 

32.7 

32.  c 

0.216 

0.16I. 

0.092 

■ 

-0.040 

+0.5 

-3.8 

9.7 

6.40 

-26.5 

-2. 17 

0.20 

-6.67 

4.27 

11  • 

32.6 

32.5 

0.239 

0.169 

0.095 

... 

-0.045 

+0.4 

-4.0 

10.0 

6.40 

-26.0 

-2.13 

0.20 

-7.50 

4.73 

13- 

32.1* 

32.0 

0.267 

0.214 

0.097 

0. 311 

-0. 044 

+0.1 

-3.6 

10.2 

6.70 

-25.5 

0.21 

-7.33 

5.18 

l4*+ 

32.0 

31.5 

0.277 

.  •  ' 

O.098 

0.317 

-:.o4o 

♦0.1 

-2.7 

10.3 

7.70 

-24.5 

-2.00 

0.24 

-6.67 

5.28 

17*+ 

32.  c 

30.  5 

0.29c 

0.229 

0.100 

0.329 

-0.039 

-0.1 

-1.2 

10.5 

9.20 

-23.0 

-1.88 

0.29 

-6. 50 

5.48 

32.0 

28.5 

0.286 

0.225 

0. 100 

0. 325 

-0.039 

-0.2 

-0.6 

10.5 

9.70 

-22.5 

-1.84 

0. 30 

-6. 50 

5.42 

50** 

30.  c 

25.5 

<..29'* 

0.219 

0.098 

. 

-0. 023 

0 

0 

10.3 

10.30 

-20.0 

-1.64 

0.34 

-3.83 

5.28 

100*+ 

28.0 

22.5 

0.296 

0. 219 

0.097 

0. 316 

-  .  . 

0 

0 

10.2 

10.20 

-18.  C 

-1.47 

0.36 

-3.33 

5.27 

500 

0 

0 

0. 132 

0. 106 

0.02/ 

0.133 

-0.001 

0 

0 

2.8 

2.  0 

+3.0 

+0. 24 

*■ 

•  .  - 

2.22 

1.5 

28.6 

8.5 

0.005 

0 

0.006 

0.006 

-  . 

♦0.6 

♦6.1 

1.7 

8.40 

-20.0 

-1.03 

0.29 

-0.16 

0.10 

2 

31.0 

11.0 

o.cn 

0 

0.'  14 

. 

-  . 

+1.0 

♦6.5 

3.9 

11.40 

-19.5 

-1.00 

0. 37 

-0. 50 

0. 23 

4 

33.0 

25.0 

0.084 

0.046 

0.01.4 

0.090 

-0.006 

♦0.8 

-1.3 

12.3 

11.80 

-21.0 

-1.08 

0.36 

-1.00 

1.50 

5 

35. 5 

n.o 

. 

0.089 

0.052 

.  • 

-0.022 

*0. 3 

-0.5 

14.6 

14. 40 

-21.0 

-1.06 

0.41 

-3.67 

2.35 

6 

35. 

31..0 

0. 163 

.  152 

0.056 

. 

- .  . 

<0.2 

-2.6 

15.7 

13.30 

-22.0 

-1.13 

0.37 

-7.50 

3.47 

8 

35.5 

35.5 

0.228 

0.224 

0.061 

0.285 

-0.057 

0 

-2.8 

17.1 

14.  JO 

-21.0 

-1.08 

0.40 

-9.50 

4.75 

10 

35.5 

5 

0.266 

0.062 

-0.060 

0 

-  . 

17.4 

•  • 

-20.0 

-1.03 

0.44 

. 

5.43 

12* 

35.5 

32.5 

0.282 

0.261. 

0.06,2 

0.326 

-  . 

+0.1 

-1.8 

17.3 

15.60 

-20.0 

-1.03 

0. 44 

-7.33 

5.43 

1J**-* 

35.0 

31.0 

0.279 

..  ■ 

0.061 

0.309 

-0. 030 

0 

+0.8 

17.1 

-17.0 

-0.87 

0. 51 

-5.00 

5. 15 

20*-* 

314.0 

30.5 

0.26. 

0. 246 

0. 060 

0. 306 

-0.046 

-0.1 

.  .■ 

16.8 

.  . 

-16.5 

-0.85 

0.51 

-7.67 

5.10 

50*+ 

32.0 

30.0 

0.279 

0. 246 

0.061 

0.307 

-0.028 

0 

0 

17.1 

.  . 

-15.6 

-  . 

0.53 

-4.67 

5.12 

100*-" 

29. 

28.5 

0. 274 

0.246 

0.060 

0.306 

-0.032 

0 

c 

16.8 

16.80 

-12.  C 

-0.62 

0.58 

-5.33 

5.10 

500 

0 

2.0 

0.119 

.  ■ 

. 

. 

.  . 

0 

0 

3.1 

3.10 
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(Continued) 
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b.96 

•  i'esult.;  measurably  affected  l  y  re  fleet  i  or.  r.  1  Multiply  value  Ly  It/  . 

"  AtTei'tPil  ly  reflect  ion.*  and/or  reduced  surface  pressure. 
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Table  6  (Concluded) 


t 

msec 

Pressure 

psi 

ps  Fa 

Deflections, 

in. 

Force  per  Unit  Area 

Acting  on  Top  of  Device,  psi 

duMJJM 

iless  Parameters 

Deflection 

An 

^  X  1000  -±  X  100 

2M- 

%x 

PT 

ps 

Ds 

mm 

dt 

dt 

AD 

Damping  Inertia  Spring 

PT 

Ap 

To 

st  27C 

2 

1*6.5 

0 

0 

0.250t 

0.25  X 

-0.25.X 

♦1*.6 

8.0 

12.60 

-34.0 

-1.77 

0.27 

-0.001* 

0.0004 

10-1* 

10-1* 

3 

52.5 

0.010 

0.010 

0.600 

0.010 

•°io-S 

+9.9 

19.0 

28.90 

-23.5 

-1.23 

0.55 

-0. 010 

0. 1700 

1* 

60.5 

0.070 

0. 050 

1.900 

0.050 

♦0.020 

♦9.6 

52.6 

62.20 

♦1.5 

♦0.08 

1.03 

+3.300 

0.8300 

6 

64*.  0 

*8 

0.21(0 

0. 210 

2.200 

0.210 

♦0. 030 

S 

♦4.6 

67.9 

72.50 

♦8.5 

+0.44 

1.13 

♦5.000 
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7 

68.0 

0.330 

0.290 

2.  300 

0.290 

+0. 01(0 

0 

♦3.1 

72.3 
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8 

63.  e 

m 

as 

0. 1(10 

0.350 

2.U00 

0.350 

♦0.060 

V, 

♦2.1 

76.7 

78.80 

+15.0 

+0.78 

1.21* 
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10 

63.5 

n 
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0.1(80 

2.  500 
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§> 
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1.21* 
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12 

63.0 

** 
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0.610 
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♦0.120 

0# 

-1*.2 

82.6 

78. 40 

♦15.1* 
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1.21* 

+20.000 
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lU* 

63.0 

0.860 

0.71*0 

2.  COO 

0.71*0 

♦0.12C 

M 

-5.0 
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79.00 

♦16.0 
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62.7 
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♦G.11C 

-4.6 
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78.70 
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♦0.83 

1.26 

+18. 300 
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20* 
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2. 1(00 
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-2.3 

76.0 

73.70 

♦11.5 

♦0.60 

1.19 

♦16. 700 

11*.  2000 

100** 

44.0 

0. 910 

0. 850 

1.200 
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+0.060 

0 

54.80 

♦11.0 

+0. 57 

1.25 

♦10.000 

11*.  2000 

500 

0 

0.631* 

0.586 

0 

.  ■  • 

♦0.01*8 

0 

0 

0 

0 

0 

+8.000 

9.8000 

Tert  2l 


Most  of  instrumentation  lost  during  test 


•  Results  measurably  affected  by  reflections. 

•  Affected  by  reflections  and/or  reduced  surface  pressure'. 
+  Multiply  value  by  10’1* 
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Rate  of  Pressure  Rise  and  Rise  Time  at  35-in.  Level 
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Note :  tr  =  time  to  maximum  pressure  (no  reflection).  tQ  =  time  to  first  pressure  peak  (steep  part  of  pressure  trace) 
*  Extra  from  table  2. 

**  Close-in  gage  lost, 
t  No  damping  tests — estimated  value. 


(d) 

Fig.  1.  Analytical  and  experimental  study 
by  Engesser 


Fig.  2.  Earth  pressure  phenomena  in  locally 
stressed  fills  by  Terzaghi  (1919) 
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•ADujS  OF  CAGE.  0  2 


I.  EFFECTS  OF  GEOMETRY 


9.1  07  II  (  |  I  10 


MODULUS  OF  SOI 'D.  ^ 
VOOULUS  OF  GAGE.  rf 

b.  EFFECTS  OF  MOOULUS 


Fig.  3-  Monfore's  distribution  of  pressure 
as  determined  by  elastic  analysis 
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Fig.  4.  Distribution  of  arching 
stresses  from  an  elastic  solution 
by  Finn 
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(a)  GEOMETRY  AND  BOUNDARY  CONDITIONS 


PLASTIC 


(b)  ACTIVE  ARCHING  -  p  <  <  cr0 


(d)  ELASTIC  SITUATION  -  p  .  aQ 


Fig.  5.  Circumferential  stress  distribution  from  an  elastoplastic 
solution  by  Sirieys  as  modified  by  Hendron  (1968) 
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SLIP  PLANES 


STRUCTURE 

ROOF 


p  s  VERTICAL  STRESS 
q  =  HORIZONTAL  STRESS 
7=  SMEARING  STRESS 
L  =  WIDTH  OR  LENGTH  OF 
STRUCTURE 

U Q  =  DEFLECTION  OF  ROOF 
U  =  DEFLECTION  OF  SOIL 
AT  ANY  DEPTH 


a.  ASSUMED  FORCE  FIELD 


b.  ASSUMED  VARIATION  OF  SHEARING  STRESS 
VERSUS  DISPLACEMENT 


C.  VARIATION  OF  DISPLACEMENT  AND  SHEARING  STRESS  WITH  DEPTH 


•  *  Bp  v  / 


A  AND  B  arc  CONSTANTS 


d.  VARIATION  OF  STRESS  WITH  DEPTH 


Fig.  6.  Calculation  of  arching  loads  by  Newmark  and 

Haltiwanger 
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Fig.  8.  Protective  diaphragms 
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Fig.  9.  itydraulically  controlled  test  device 
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GRADUATED 
CONTROL _ 


CONTROL 

PISTON 


Fig.  10.  Hydraulically  controlled  test  device  and  control  piston 


OUTPUT  VOLTS  ( SUPPLY;  6.27  V) 


Fig.  13.  Typical  static  calibration  curve  for  spring-ring  test  device 


D7  COLLINS  CAGE  OUTPUT  VOLTS  (SUPPLY,  6l27V) 


PLAN  VIEW  OF  35  -IN.  LEVEL 


0=  DEFLECTION  CAGE 

SxSOIL  PRESSURE  GAGE 

XsACCELEROMETER 

FS  =  B0NNET  pressure  gage 

P,=PRES3URE  INSIDE  TEST  DEVICE 
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Fig.  15.  Typical 

gage  location 

diagrams 
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Fig.  19.  Block  diagram  of  measurement  and  control  .system 
used  for  dynamic  tests 
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Fig.  22.  Dimensionless  plot  oi’  pressure  versus  deflection  for 

static  Test  3 
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U .  Dimensionless  plot  of  pressure  versus  deflection 
for  static  Tests  rj  and  6 
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OF  TEST  DEVICE  FIXED 


resr  ot v/c t 


a  lowering  top  of  test  device 

o  ) 

z)  RAISING  top  OF  test  device 


DISTANCE  FROM  CENTER  LINE  OF  TEST  DEVICE,  IN. 

Fig.  26.  Change  in  vertical  soil  stress  at  the  35-inch  level  due  to 
deflection  of  the  top  of  test  device,  Tests  1  and  2 


MM 


b  TEST  3 -PASSIVE,  H/B  -  3 


c  TEST  A  -ACTIVE.  H/B  =  l 


O'Jt.NCt  IIMCIMII  i  M  0*  HIT  MVICt.lN 

Fig.  27.  Change  in  vertical  soil  stress  at  the  35-inch 
level  due  to  deflection  of  the  top  of  test  device, 

Tests  3  and  4 
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Fig.  29.  Change  in  distribution  of  vertical  soil 
stress  with  depth.  Test  1;  .i/ B  =  l/3 
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Fig.  31.  Change  in  distribution  of  vertical  soil 
stress  with  depth,  Test  3;  h/b  =  3 
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b.  TEST  e 


Fig.  32.  Variation  of  horizontal  to  vertical  soil  pressure 
ratio  with  structural  deflection  and  surface  pressure 
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Fig.  35.  Soil  and  structure  deflections  versus  time;  Test  1,  H/B  =  1/3 

PQ  =  37.5  psi 
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Fig.  40.  Soil  and  structure  deflections  versus  time;  Test  8 

P_  =  240  psi 
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).  Cross-section  radiograph  of  depression 

Depression  in  the  soil  surface  above  test  devic 
Test  1;  H/B  =  l/3  ,  Pa  =  37-8  psi 
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b.  Cross-section  view  of  soil  deformation 

Fig.  43.  Depression  in  soil  surface  above  test  device,  Test  2: 

H/B  =  1  ,  P  =  37.5  psi 


a.  Oblique  view  of  soil  surface 
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Fig.  44.  Radiograph  of  soil  deformation  pattern,  Test  3, 

H/B  =  3,  Ps  =  37.5  psi 
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a.  Oblique  view  of  38-inch  soil  level 
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Fig.  47.  Hump  above  test  device. 
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Fig.  49. 


Profile  of  soil  deformations,  Test  5; 
H/B  =  1,  Ps  =  37.5  psi 
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b.  Soil  between  6-  and  14-inch  radii 

Fig.  50.  Posttest  soil  samples  removed  from  35-  to  38-inch  layer, 
Test  6;  h/b  =  1  ,  Pg  =  37*5  psi 
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Fig.  51.  Dimensionless  plot  of  pressure  versus  deflection 
for  dynamic  Tests  11  and  12 


Fig.  52.  Dimensionless  plot  of  pressure  versus  deflection 
for  dynamic  Tests  13  and  l4 
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Fig.  55.  Dimensionless  plot  of  pressure  versus  deflection 
for  dynamic  Tests  15,  20,  and  21 
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Fig.  56.  Dimensionless  plot  of  pressure  versus  deflection 
for  dynamic  Tests  22  and  23 
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Fig.  57.  Dimensionless  plot  of  pressure  versus  deflection 
for  dynamic  Tests  2b  and  25 
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Fig.  58.  Dimensionless  plot  of  pressure  versus  deflection 
for  dynamic  Tests  26  and  27A 
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Fig.  60.  Variation  of  vertical  soil  stress  with  time  at  the 
35-inch  level,  Tests  11,  12,  and  13 
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Fig.  62.  Variation  of  vertical  soil  stress  with  time  at  the 
35-inch  level,  Tests  20,  21,  and  22 
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Fig.  66.  Variation  of  soil  stress  with  depth  and  time, 

Tests  22,  23,  and  25 
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Fig.  67.  Variation  of  soil  stress  with  depth  and  time, 
preliminary  Tests  C,  E,  and  F 
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Fig.  68.  Variation  of  horizontal-to-vertical  pressure  ratio, 
Tests  13,  l4,  18,  20,  23,  24,  and  25 
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Variation  with  change  in  surface  pressure  at  constant 
depth  of  burial;  Tests  11,  12,  13,  and  14;  H/B  =  3 


Fig.  77.  Variation  of  soil  and  structure  acceleration  with 
surface  pressure  and  structure  stiffness 
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Fig.  78.  Rise  time  data 


a.  Oblique  view  of  soil  surface 


b.  Oblique  view  of  depression 
80.  Hump  and  depression  at  50-inch  level  of  Test  12 
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b.  Oblique  view  of  soil  surface 

Fig.  8l.  Views  of  a  soil  cross  section  and  the  soil  surface  at 

4l-inch  level,  Test  12 
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Fig.  83.  Radiograph  of  soil  deformation  pattern,  Test  l4- 

H/B  =  3,  Ps  =  245  psi 
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«.  CROSS  SECTION  Of  SOIL  DEFORMATIONS 


b.  VARIATION  Of  SOIL  STRESS  WITH 
TIME  AT  THE  35- INCH  LEVEL 


Fig.  84.  Cross  section  of  soil  deformations,  Test  18; 
H/B  =  7  ,  Po  =  310  psi 


a.  Side  view  of  soil  between  yi-  and  Y4-inch  levels 


Side  view  of  soil  between  71-  and  74-inch  levels 


Fig.  85.  Soil  deformations  between  71-  and  74-inch  levels,  Test  18 
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b  VARIATION  OF  SOIL  STRESS  WITH 
TIME  AT  THE  35-INCH  LEVEL 


Fig.  87. 


Cross-section  view  ox'  soil 
h/b  =  1  ,  Pg  -  157 


deformations , 
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Test  19; 
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DISTANCE  above  BASE  or  TEST  CHAMBER,  INCHES 
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DISTANCE  FROM  CENTER  LINE  OF  TEST  CHAMBER,  INCHES 


CROSS  SECTION  OF  SOIL  DEFORMATIONS 

Fig.  88.  Cross  section  of  soil  deformations,  Test  26; 
h/b  =  1  ,  Ps  =  33.5  psi 
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Fig.  90*  Hypothetical  soil  deformations  under  passive 
arching  conditions 
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Fig.  91*  Soil  deformation  pattern  resulting  from  a  6-inch  plate  bearing  test; 

H/B  =  3 


—  a  1000 

Fig.  92.  Active  arching  curves,  static  surface  pressure 
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Fig.  93-  Passive  arching  curves,  static  surface  pressure 


Fig.  94.  Active  arching,  static  and  dynamic  surface  pressures,  AP  versus  x  1,000 
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ACTUAL  KT/Ks 

a  RELATION  BETWEEN  ARCHING  FACTOR  AND 
RELATIVE  STIFFNESS 


RELATIVE  STIFFNESS  'A  STRL'TURE,  My  /Mg 

b.  RELATION  BETWEEN  DIFFERENTIAL  PRESSURE  AND 
RELATIVE  STIFFNESS 


Fig.  99.  Effect  of  structure  stiffness  on  active  and  passive 
arching;  WC  «  24  to  27%,  B  =  6  inches 
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PROPERTIES  OF  COMPACTED  BUCKSHOT  CLAY;  WALL  FRICTION  REDUCTION; 

SOIL,  GAGE,  AND  TEST  DEVICE  PLACEMENT 

A.l  Occurrence,  Nature,  and  Index  Properties  of  Clay.  The  soil 
used  throughout  this  investigation  was  a  highly  plastic  clay  which  is 
an  alluvial  material  deposited  in  low-lying  areas  adjacent  to  the 
Mississippi  River  near  Vicksburg,  Mississippi,  U.  S.  Army  Engineer 
Waterways  Experiment  Station  (1958).  This  material  is  generally 
referred  to  as  "buckshot  clay"  because  it  forms  small  pellets  in  its 
dried  condition,  Jackson  and  Hadala. 

The  gradation  curve  and  Atterberg  limits  for  this  material  are 
shown  in  Figure  A-l.  The  limits  for  all  tests  to  date  are  generally 
parallel  to  the  "A"  line  in  the  clay  of  high  plasticity  portion  of 
the  plasticity  chart.  The  clay  appears  to  have  the  same  characteris¬ 
tics  as  that  used  by  Jackson  and  Hadala  in  their  study  of  the 
dynamic  bearing  capacity  of  clay.  The  material  was  derived  from  the 
same  source  as  that  used  by  both  Carroll  and  Dorris  and  the  proper¬ 
ties  appear  to  be  very  similar. 

This  material  has  been  used  for  a  considerable  number  of  studies 
at  the  Massachusetts  Institute  of  Technology  (MIT)  and  other  'institu¬ 
tions.  Several  reports  in  MIT's  study  of  The  Response  of  Soils  to 
Dynamic  Loadings  are  based  on  investigations  of  buckshot  or  Vicksburg 
clay,  synonymous  terms. 
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Buckshot  clay  classifies  as  a  CH  in  the  Unified  Soil  Classifi¬ 
cation  System.  The  specific  gravity  of  the  soil  particles  is 
approximately  2.68.  The  relative  consistency  of  the  soil  at  26  per¬ 
cent  water  content  is  medium  with  an  average  unconfined  compressive 
strength  of  Ik  psi. 

A. 2  Compaction  Studies.  Initially  the  test  program  included  a 
study  of  the  effects  of  soil  saturation  on  arching.  It  was  known  that 
the  constrained  modulus  of  clay  was  sensitive  to  this  parameter.  The 
compaction  study  was  undertaken  to  determine  the  compaction  effort  and 
water  content  required  to  produce  degrees  of  saturation  between  70 
and  95  percent. 

The  soil  was  placed  in  the  Small  Blast  Load  Generator  (SBLG) 
using  the  techniques  described  in  Section  3.5  of  the  main  text.  The 
thickness  of  the  soil  layers  and  the  amount  of  compaction  effort  were 
varied.  The  saturation  possible  to  attain  within  the  workable  range 
of  water  contents  was  approximately  80-90  percent,  Figure  A-2.  Satu¬ 
ration  increased  with  water  content  as  anticipated.  The  numbers  in¬ 
serted  beside  the  open  data  points  are  the  number  of  passes  of  the 
mechanical  compactor  required. 

he  results  of  the  tests  indicated  that  it  was  possible  to 
significantly  increase  saturation  with  increased  compaction  if  the 
initial  water  content  was  lower  than  20  percent.  At  water  contents 
of  above  25  percent,  the  effect  of  compaction  on  the  degree  of 
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saturation  was  small.  At  water  contents  of  30  percent  or  above,  the 
effects  of  compaction  were  negligible  (Steen,  1966b).  The  compaction 
tests  showed  that  the  range  of  usable  water  contents  fell  within  an 
area  such  that  variation  of  saturation  was  not  practical.  The  use  of 
the  degree  of  saturation  as  a  test  parameter  was  abandoned. 

Based  on  these  tests  and  previous  work  by  Jackson  and  Hadala 
it  was  decided  that  a  standard  compaction  technique  would  be  adopted 
and  water  content  would  be  used  as  the  principal  means  of  soil 
strength  control.  An  attempt  was  made  to  hold  water  content  con¬ 
stant  at  26  percent  throughout  the  main  test  series.  It  was  only 
possible  to  limit  water  content  to  26  +  2  percent.  Saturation  varied 
over  a  small  range  between  86  and  92  percent. 

In  the  previously  cited  work  by  Jackson  and  Hadala,  a  4-pass 
compaction  technique  was  developed  and  related  to  the  standard 
Proctor  compaction  curve,  Figure  A-2.  Using  this  relation,  it  was 
possible  to  prepare  large  laboratory  samples  for  tests  described 
later  in  this  appendix. 

After  the  test  program  started,  it  became  evident  that  the  clay 
was  acting  as  if  it  were  saturated  in  some  tests,  especially  those 
involving  high  pressures  and/or  long  periods  of  time.  From  a  series 
of  laboratory  triaxial  tests,  the  diagram  shown  in  Figure  A-3  was 
constructed.  It  was  assumed  that  a  saturated  condition  had  been 
reached  when  the  shear  stress  became  constant.  This  figure  was  used 
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as  a  guide  In  the  planning  and.  analysis  of  subsequent  tests. 


A. 3  SBLG  Wall  Friction  Reduction  Studies.  Just  prior  to  and 
during  the  Initial  portions  of  the  test  program,  a  detailed  study  of 
wall  friction  in  the  SBLG  was  conducted  by  Hadala  (1967b)  .  Both  un¬ 
lined  and  lined  (grease-polyethylene  and  grease-neoprene)  specimens 
were  tested.  A  summary  of  the  test  results  is  shown  in  Figure  A-4. 

This  figure  indicates  that  friction  losses  for  unlined  clay  speci¬ 
mens  was  insignificant  at  static  pressures  of  250  psi  or  higher  but 
that  the  losses  could  be  significant  for  low  pressure  static  and  all 
dynamic  tests.  Figure  A-4b  shows  that  the  friction  losses  for  all 
lined  specimens  was  less  than  10  percent  of  the  applied  stress  at  a 
depth  equal  to  one  diameter. 

Hadala  also  found  that  the  grease-polyethylene  liner  was  suscep¬ 
tible  to  more  damage  than  the  grease-neoprene  liner  during  the  con¬ 
struction  of  the  clay  specimen  in  the  SBLG. 

Based  on  Hadala' s  test  results  and  considering  the  range  of 
static  and  dynamic  incident  pressures  planned,  a  double,  l/l6-inch 
neoprene  liner  covered  with  a  thick  layer  of  G-403  automotive  and 
artillery  grease,  constructed  as  explained  in  Section  3»5  of  the  main 
text,  was  selected  for  use. 

In  the  preliminary  test  program  and  the  early  static  tests,  two 
problems  arose  which  caused  a  reexamination  of  the  liner  problem. 
Posttest  examination  of  the  soil  specimen  showed  that  grease  was 
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being  squeezed  from  between  V'<*  double  liner  and  the  friction  losses 
during  the  static  tests  were  higher  than  expected. 

The  horizontal  expansion  of  the  clay  specimen  would  negate  the 
one -dimensional  compression  conditions  desired  and  thus  affect  the 
vertical  stress  wave  velocity.  Two  methods  of  attacking  this  prob¬ 
lem  were  tried.  First,  a  neoprene-graphite  combination  was  tested 
to  determine  its  coefficient  of  friction.  Tests  showed  that  the 
friction  coefficient  for  the  neoprene-graphite  combination  was  0.13 
as  compared  with  a  coefficient  of  0.02  to  0.08  for  the  neoprene-thick 
grease  combination.  The  graphite  was  abandoned  and  a  second  approach 
was  tried.  Instead  of  a  thick  coat  of  grease  between  the  neoprene 
layers ,  the  liners  were  wiped  with  a  greasy  rag.  Checkout  tests 
showed  this  procedure  to  be  satisfactory;  no  apparent  loss  of  friction- 
reducing  capacity  and  no  excess  grease  occurred. 

The  friction  losses  at  depths  below  one  diameter  were  attacked  in 
another  manner.  As  previously  explained,  the  continuous  neoprene 
liners  were  taped  to  the  side  of  the  test  chamber  during  the  con¬ 
struction  of  the  soil  specimen,  Figure  11.  After  the  specimen  was 
completed,  the  tape  holding  the  inside  liner  was  cut.  In  an  attempt 
to  improve  the  friction-reducing  capabilities,  it  was  decided  that 
instead  of  stopping  the  inside  liner  a  couple  of  inches  short  of  the 
base  as  was  the  practice,  it  would  be  turned  under  the  soil  at  the 
base.  Secondly,  the  inside  liner  was  segmented  into  1-  to  2-foot 
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strips.  This  practice  reduced  the  friction  considerably.  In  all  but 
the  low  pressure  tests,  the  sidewall  friction  was  practically 
insignificant.  At  the  depths  used  for  device  burial,  friction  losses 
were  very  small  even  for  the  low  pressure  tests. 

A. 4  Soil  Placement  Techniques.  The  soil  placement  procedures 
explained  in  Section  3*5  of  the  main  text  were  developed  by  Jackson 
and  Hadala.  The  soil  was  generally  uniform  except  between  the 
layers.  In  spite  of  the  scarifying  technique,  it  was  obvious 
that  distinct  layers  existed  and  had  some  effect  on  the  test 
results . 

Although  such  a  condition  was  undesirable,  the  time  and  funds 
necessary  to  develop  a  new  soil  placement  technique  were  not  avail¬ 
able.  Preliminary  study  showed  that  a  penetrating  device  with  a 
tapered  head  which  could  work  on  the  sheepsfoot  roller  principle 
probably  would  solve  the  problem.  The  device  and  technique  presently 
are  under  study  at  WES.  One  major  problem  with  this  technique  is  the 
protection  of  instrumentation  and  cables  buried  in  the  soil. 

A. 5  Gage  Placement  Techniques.  The  cut-and-cover  gage  placement 
technique  explained  in  Section  3*3.2  was  patterned  after  one  of  the 
procedures  tested  by  Hadala  (1967a)  in  his  gage  placement  study.  The 
mechanics  of  placing  the  gages,  such  as  design  of  the  cutter  and  the 
mounding  technique,  were  perfected  during  this  test  program,  Figure  16. 

During  the  dynamic  tests,  it  was  found  that  cable  breaks  were 
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frequent.  It  was  necessary  to  provide  considerable  slack  in  the 
cables,  especially  along  the  chamber  wall  and  near  the  cable  port. 

In  addition,  the  cables  were  covered  with  l/4-inch  plastic  tubing, 
Figure  16. 

In  the  static  test  program,  moisture  migration  was  a  problem. 

It  was  necessary  to  carefully  wrap  and  waterproof  the  cable  connec¬ 
tors  and  the  connection  between  the  cable  and  the  gages.  The  cable 
had  to  be  changed  frequently  since  any  break  in  the  insulation 
allowed  moisture  to  enter  the  circuit,  especially  at  high  pressures. 

The  placement  program  conducted  by  Hadala  (1967a)  and  Ingram  (1965 
and  1967)  plus  the  preliminary  tests  performed  in  this  program  showed 
that  soil  pressures  were  normally  accurate  to  less  than  +10  percent. 

It  had  been  planned  to  check  each  soil  pressure  gage  in  the  soil. 

The  gages  were  to  be  installed  in  soil  using  the  standard  procedures 
and  a  series  of  registration  tests  were  to  be  performed.  However, 
the  test  device  required  to  accomplish  this  task  was  not  available 
soon  enough.  The  soil  gages  were  air  calibrated  several  times  during 
the  test  program. 

A. 6  Test  Device  Placement  Techniques.  It  was  necessary  to  de¬ 
velop  a  procedure  for  placing  the  test  device  which  would  minimize  the 
possibility  of  damage  during  soil  specimen  construction  and  reduce  the 
effects  of  sidewall  friction.  A  wooden  block  with  a  diameter  l/8  inch 
larger  than  the  device  was  constructed,  Figure  A-5a.  When  the  30-inch 
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soil  level  was  attained,  the  block  was  placed  in  the  position 
planned  for  the  device.  Then,  the  soil  specimen  construction  was 
continued  in  two  lifts  to  the  35 -inch  level.  Extreme  caution  was 
required  in  the  use  of  the  mechanical  tampers.  When  the  level  of  the 
compacted  soil  reached  the  planned  elevation,  the  block  was  removed 
and  the  device  placed  in  the  hole  left  by  the  block,  Figures  A-5b  and 
16.  The  next  layer  of  soil  was  then  placed  directly  on  top  of  the 
device.  The  depth  of  soil  in  the  next  layer  was  sufficient  to  pro¬ 
tect  the  top  of  the  device. 

To  reduce  the  friction  between  the  soil  and  the  sides  of  the 
device  and  to  prevent  soil  from  obstructing  movement  of  the  device, 
it  was  necessary  to  cover  the  device.  For  this  purpose  a  machined 
metal  shield  was  used  to  cover  the  gap  between  the  top  and  the  main 
body  of  the  static  device.  A  single  0.015-inch  layer  of  Teflon  was 
wrapped  around  the  entire  device,  Figure  A-5b.  For  the  dynamic  de¬ 
vice,  only  the  Teflon  was  required.  Preliminary  tests  to  determine 
the  coefficient  of  friction  indicated  that  friction  between  the  soil 
and  the  scructure  would  be  insignificant.  Examination  of  the  radio¬ 
graphs  disclosed  that  sufficient  friction  existed  to  deform  the  soil 
in  the  vicinity  of  the  device,  especially  at  the  32-  to  33-inch 
levels . 

A, 7  Laboratory  Investigation  During  Test  Program.  A  series  of 
laboratory  tests  was  performed  on  samples  taken  from  each  soil 
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specimen  to  control  and  measure  soil  strength. 

As  the  soil  was  being  prepared  in  the  pugmill  and  after  delivery 
to  the  test  site,  its  water  content  was  checked.  As  the  soil  speci¬ 
men  was  constructed,  the  dry  density  and  water  content  were  determined 
for  every  other  layer.  These  data  were  determined  from  two  Little 
Rock  drive  density  samples  removed  from  these  layers.  Initially,  two 
Hvorslev  unconfined  compression  tests  were  performed  for  every  other 
layer.  Because  of  the  large  number  of  tests  required,  this  was  later 
changed  so  that  the  Hvorslev  tests  were  used  at  the  35-inch  level  and 
every  layer  above  this  level. 

The  procedures  for  performing  the  Hvorslev  tests  are  explained 
by  Hvorslev  (1949).  The  sampler  is  shown  in  Figure  A-6a  and  the  un¬ 
confined  compression  machine  in  Figure  A-6b.  The  Hvorslev  tests 
proved  to  be  a  very  rapid  and  accurate  means  of  checking  soil 
strength.  Initially,  it  appeared  that  the  Hvorslev  data  would 
always  plot  higher  than  the  strength  determined  by  the  normal  labora¬ 
tory  unconfined  compression  test.  Later  in  the  test  program,  when  a 
large  amount  of  data  were  available,  this  conclusion  was  found  to  be 
incorrect.  Within  the  scatter  of  the  data,  it  was  not  possible  to 
distinguish  such  a  trend,  Figure  A-7a. 

In  addition  to  the  samples  discussed  above,  two  4-inch  undis¬ 
turbed  cube  samples  were  taken  from  most  soil  specimens.  These 
samples  were  used  to  perform  unconfined  compression,  triaxial 
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compression,  and  consolidation  tests  in  the  laboratory.  After  the 
correlation  between  the  Hvorslev  and  laboratory  test  results  was 
available,  the  number  of  undisturbed  block  samples  was  reduced, 
especially  when  more  than  one  test  was  performed  on  the  same  batch 
of  soil. 

After  most  tests,  Hvorslev  samples  were  taken  at  +>«■:  surface  and 
at  every  other  layer  above  and  beside  the  test  dvr  Lee.  In  addition, 
4-inch  undisturbed  block  samples  were  tp.  --n  during  the  preliminary 
test  program.  Some  of  the  posttc  :t  results  are  plotted  in  Figure  A-7b. 

A  consolidation  of  all  lW  density  and  unconfined  compressive 
strength  data  is  shown  in  Tati '  4.  It  is  interesting  to  note  the 
trends  between  the  pre-  shd  posttest  data.  In  general,  soil  strength 
increased  and  water  content  decreased,  though  this  was  not  always  the 
case  with  the  water  content.  The  amount  of  strength  change  appears  to 
depend  on  the  surface  pressure  and,  for  the  sample  taken  directly 
over  the  test  device,  the  flexibility  ox  the  test  device.  Stiff 
devices  obviously  compressed  the  soil  more  and  thus  raised  the 
strength,  while  flexible  devices  had  the  opposite  effect  except  at 
the  high  pressures  used  in  Tests  13  and  14. 

The  only  test  in  which  the  "all-samples"  sol?  strength  did  not 
increase  with  testing  was  Test  25.  This  is  a  repeat  test  on  the 
same  soil  specimen  used  in  Test  24  so  the  data  are  suspect. 

The  movement  of  the  data  upward  and  to  the  left,  e  oept  for  the 
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one  test  at  a  water  content  above  30  percent,  can  be  seen  in  Figure 
A-7b.  The  preponderance  of  the  data  increased  in  shear  strength  by 
approximately  3*5  psi  and  decreased  in  water  content  by  approximately 
0.5  percent. 

A  range  of  water  contents  was  used  in  the  preliminary  program 
so  that  a  reasonable  one  could  be  selected.  A  water  content  that 
could  be  expected  in  the  field  but  which  would  not  mask  the  test 
results  with  effects  predominated  by  water  content  was  desired.  Be¬ 
cause  only  one  water  content  was  to  be  used,  it  was  decided  to  select 
one  wet  of  optimum  if  possible.  A  search  of  the  literature  concerning 
buckshot  clay  and  previous  arching  studies  furnished  only  a  small 
portion  of  the  information  required  to  design  the  experiments  and  their 
instrumentation . 

A. 8  Pretest  Studies.  In  order  to  design  the  main  test  pro¬ 
gram,  it  was  necessary  to  study:  dynamic  and  static  properties  of 
buckshot  clay,  the  soil  displacements  and  accelerations  to  be  ex¬ 
pected  at  various  depths,  the  pressure  wave  characteristics,  and 
particle  velocities. 

The  constrained  modulus  was  probably  the  most  important  soil 
property  determined.  It  was  the  basis  for  establishing  the  range  of 
relative  compressibilities  between  the  test  device  and  soil. 

In  addition  to  the  parameters  used  to  design  the  test  device, 
the  preliminary  test  program  established  the  ranges  to  be  expected 
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for  the  soil  pressure,  acceleration,  and  deflection  gages.  This  was 
necessary  so  that  proper  size  gages  and  gains  could  be  used. 

The  preliminary  test  program  consisted  of  two  phases  which  were 
accomplished  simultaneously.  Instrumented  soil  specimens  at  various 
water  contents  were  built  and  tested  in  the  SBLG,  Table  A-l.  Soil 
samples  prepared  from  the  same  batch  of  soil  were  tested  in  an  impact 
loading  device. 

A. 8.1  Small  Blast  Load  Generator  Tests.  A  series  of  five  dy¬ 
namic  tests  at  four  water  contents  were  conducted  in  the  SBLG,  Table 
A-l.  The  variation  of  soil  pressure,  displacement,  and  accelera¬ 
tion  with  height  and  water  content  of  specimen  were  studied.  The 
test  layout  is  shown  in  Figure  A-8.  The  number  and  location  of  the 
various  gages  varied  somewhat  during  the  tests. 

The  original  Test  D  was  conducted  on  a  soil  specimen  with  26  per¬ 
cent  water  content.  The  planned  surface  pressure  was  40  psi.  For 
some  unknown  reason,  the  explosive  charge  fizzled.  The  rise  time  to 
peak  pressure  was  very  long  and  the  desired  peak  pressure  was  not 
attained.  Results  from  this  test  are  not  included  in  this  report. 

As  a  result  of  this  failure,  a  new  soil  specimen  was  prepared 
at  a  water  content  of  approximately  25.5  percent.  It  was  first 
exposed  to  a  surface  pressure  of  Ul  psi.  The  results  of  this  test 
are  identified  as  Test  E  in  Table  A-l.  After  the  surface  deflection 
was  measured  and  the  gain  on  the  instrumentation  changed,  the  sane 
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specimen  was  subjected  to  a  surface  pressure  of  238  psi.  This  test 
is  identified  as  Test  D. 

Copies  of  the  basic  oscillograph  records  from  which  all  time 
and  magnitude  measurements  were  made  are  contained  in  Appendix  C. 

The  type  of  instrumentation  and  its  location  are  shown  with  each 
record.  The  SE  soil  pressure  gage  used  in  these  tests  was  the  same 
type  described  in  the  main  body  of  the  report.  The  accelerometers 
were  the  same  piezoelectric  gages  explained  in  Chapter  3.  The  2-inch- 
diameter  soil  displacement  disks  were  constructed  from  a  density- 
matched  epoxy.  These  disks  were  placed  at  various  radii  and  levels 
and  were  used  as  a  basis  for  measuring  permanent  soil  displacements. 

In  Tests  A,  B,  and  C,  a  water  bag  was  used  at  the  base  cf  the 
soil  specimen.  This  water  bag  was  constructed  of  neoprene,  and  was 
2  to  2-1/2  inches  high  when  evenly  compressed.  A  Norwood  and  a  piezo¬ 
gage  were  located  in  the  water  bag.  With  this  test  setup,  it  was 
possible  to  study  the  sidewall  friction,  base  pressure,  and  reflected 
pressure  waves. 

In  Tests  D  and  E,  soil  deflection  rods  were  installed  and  in¬ 
strumented  for  axial  strain,  Figure  Vj.  The  strain  was  measured  os 
a  precaution  to  ensure  that  the  strain  in  the  rod  was  small  as  com¬ 
pared  with  the  movement  of  the  soil  disk.  The  results  confirmed  the 
fact  that  strain  in  the  rods  was  very  small  at  low  pressure  and  still 
insignificant  at  high  pressure. 
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A. 8. 2  Confined  Compression  Tests.  A  series  of  static  and 


dynamic  confined  compression  tests  was  made  using  the  gas-actuated 
impact  hammer  and  instrumentation  shown  in  Figure  A-9*  The  soil  was 
prepared  by  compacting  it  into  "concrete"  molds  at  the  water  content 
and  density  used  in  each  of  the  preliminary  SB  LG  tests.  Figure  A- 10. 
Soils  at  each  of  the  four  water  contents  (23,  25,  27,  and  32  percent) 
were  subjected  to  static  and  dynamic  pressures  of  37. 5 »  75*  120,  and 
240  psi. 

To  prepare  the  soil  for  testing,  1-inch-high  disks,  Figure  A-10, 
were  cut  from  the  prepared  specimen  by  use  of  a  piano  wire.  The 
edges  of  each  specimen  were  wrapped  in  a  layer  of  Teflon  before  the 
specimen  was  placed  in  the  confining  chamber.  The  confining  chamber 
was  placed  under  the  impact  «ia'*hln«*  and  the  head,  -  •  *--  *•>-«* 

diameter  as  the  inside  diameter  of  the  confining  chamber,  was  lowered 
onto  the  top  of  the  soil  disk. 

When  the  trigger  mechanism  for  the  hammer  was  released,  a  timing 
device  triggered  in  turn  a  camera  which  photographed  the  display  of 
the  stress  nnl  strain  on  the  oscilloscope.  Typical  oscilloscope 
records  are  shown  in  Figure  A-ll.  The  stress  and  strain  traces  were 
not  eoupled  to  produce  X-Y  plots  for  use  as  stress-strain  curves. 
There  is  a  danger  of  a  phase  shift  with  the  viscous  buckshot  clay. 

The  test  program  explained  in  this  section  was  used  since  the 
constrained  modulus  was  so  important  to  the  test  program  and  no  other 
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device  was  readily  available.  The  one-dimensional  compression  device 
under  design  by  Schindler  was  not  ready,  and  the  device  at  the  Uni¬ 
versity  of  Illinois,  Kane,  Davisson,  Oleson,  and  Sinnamon,  was  not  im¬ 
mediately  available.  After  the  test  program  had  been  completed, 
Schindler's  device  became  available  and  was  used  to  perform  one  static 
and  one  dynamic  test  on  soil  specimens  prepared  at  a  26  percent  water 
content.  The  test  results  are  included  in  the  following  sections. 

A. 9  Static  Properties.  In  order  to  study  the  properties  of 
buckshot  clay  and  relate  them  to  the  arching  actions  observed  in  the 
soil,  a  laboratory  test  program  was  designed  and  carried  out  both 
prior  to  and  during  the  main  arching  test  program.  Each  of  the  sec¬ 
tions  below  will  introduce  and  explain  briefly  the  various  soil  tests 
and  their  results.  Several  investigators  have  shown  that  the  strength 
and  volume  change  associated  with  buckshot  clay  when  subjected  to  a 
load  is  a  function  of  the  loading  rate,  Whitman  et  al.  (1962a), 

Carrol,  Kane  et  al.,  Perry.  The  change  in  shear  strength  appears 
to  be  related  to  the  degree  of  drainage  and  some  other  phenomenon 
which  has  not  been  completely  isolated.  In  spite  of  the  low  permea¬ 
bility  of  buckshot  clay,  it  is  important  to  specify  the  drainage  con¬ 
ditions.  In  some  of  the  rather  long  tests  in  the  static  program, 
drainage  did  occur.  This  was  evidenced  by  the  water  seeping  from  the 
test  chamber  at  the  flanges.  This  was  especially  true  in  Test  8,  one 
of  the  high  oressure  static  tests.  Although  the  soil  was  not 


saturated  in  its  compacted  state  at  the  beginning  of  the  test,  it  did 
become  saturated  during  this  test,  Figures  A-2  and  A-3.  Even  in  the 
dynamic  tests,  the  very  high  pressures  may  have  changed  soil  volume 
sufficiently  to  induce  a  saturated  condition. 

In  those  tests  in  which  the  clay  became  saturated  or  very  nearly 
saturated  and  was  subjected  to  strains  without  drainage,  the  clay 
behaved  as  a  cohesive  material  with  /  ,  the  friction  angle,  equal 
to  zero. 

From  the  preceding  discussion  and  the  test  conditions  explained 
in  the  main  body  of  the  report,  it  can  be  seen  that  no  one  laboratory 
test  can  depict  the  conditions  which  existed  in  each  of  the  arching 
tests.  In  order  to  specify  the  strength  of  the  material,  it  was  nec¬ 
essary  to  establish  the  stress  levels  which  existed,  the  drainage 
conditions,  and  the  rise  time  and/or  duration  of  the  load. 

The  unconfined  compression  test  does  not  allow  control  of  drain¬ 
age  or  confining  conditions .  For  this  reason  it  was  initially  planned 
that  the  unconfined  test  would  be  used  only  to  estimate  the  shear 
strength.  The  closer  the  clay  approached  a  saturated  condition  and 
its  failure  approximated  an  undrained  condition,  the  more  accurate 
the  shear  strength  computed  from  the  unconfined  test  became.  Due  to 
progressive  failure,  the  average  shearing  resistance  was  taken  as 
q^/2,  Terzaghi  and  Peck.  When  clay  is  unsaturated,  the  confining 
pressure  can  have  measurable  effect  on  its  shearing  resistance  and 
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the  triaxial  test  is  more  applicable.  It  is  for  these  reasons  that 
both  unconfined  and  triaxial  tests  were  used  in  this  program. 

Due  to  the  significant  nonlinearities  in  the  stress-strain 
curves  for  buckshot  clay,  it  was  difficult  to  determine  one  modulus. 
The  modulus  actually  was  continually  changing,  depending  upon  the 
stress  or  strain  level.  Thus  it  was  necessary  to  use  tangent  modulus 
values  which  were  approximately  constant  over  some  range  of  stress  or 
strain  or  to  use  a  secant  modulus  which  was  dependent  upon  some  se¬ 
lected  stress  or  strain. 

It  would  have  been  desirable  to  have  the  same  stress  and  strain 
conditions  in  the  laboratory  test  as  those  to  which  the  soil  was  sub¬ 
jected  in  the  arching  test.  Lateral  strain  appears  to  be  minimized 
during  underground  arching;  therefore,  it  was  desirable  J<  limit  lat¬ 
eral  strains.  It  was  for  this  reason  that  one-dimensional  o  pres- 
sion  tests  were  used  in  the  preliminary  test  program.  Time  and  funds 
did  not  allow  an  appropriate  investigation  of  strain  rate  effects, 
and  data  from  other  investigations  in  this  field  have  been  used, 

A. 9,1  Unconfined  Compression  Tests.  As  previously  explained, 
two  types  of  unconfined  tests  were  conducted,  the  normal  laboratory 
test  and  the  Hvorslev  test.  Figure  A-7  compares  the  maximum  strength 
determined  by  both  type  tests.  Figure  A-12  illustrates  the  stress- 
strain  results  from  many  of  the  laboratory  tests.  Inasmuch  as  the 
buckshot  clay  appeared  to  be  strain  rate  sensitive,  the  tests  were 
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separated  based  on  time  to  failure.  In  the  tests  which  were  con¬ 
ducted  in  more  than  20  minutes,  the  soil  displayed  a  plastic  action. 
At  a  strain  of  approximately  7  percent,  the  soil  became  fully  plastic 
and  there  was  very  little  increase  in  the  soil  strength  for  an  in¬ 
crease  in  strain,  especially  above  2 rj  percent  water  content.  The 
drier  soil  reached  this  point  at  approx  irately  10  percent  strain. 
Obviously,  the  higher  the  water  content  the  lower  the  strength. 

The  cur/cs  for  specimens  tested  to  failure  at  a  rate  faster  than 
20  minutes  did  not  indicate  as  much  scatter  as  those  from  the  slower 
tests.  They  generally  cxhititcJ  a  higher  strength  than  the  curve* 
from  the  slower  tests  *ith  the  exception  of  the  soil  at  a  water  '•on- 
tent  of  2b  percent.  In  the  faster  tests,  Use  soil  become  fully  plas¬ 
tic  at  lower  strains.  Figure  A- 12b. 

The  failures  occurred  in  Use  test  specimens  by  both  splitting 
and  bulging.  In  nest  cases,  Use  failure  appeared  to  be  a  combina¬ 
tion  of  the  two  iwodcs  of  failure.  The  soils  were  coepactei  wet  of 
optimum  water  content,  but  were  not  saturated.  Generrlly  the  satu¬ 
ration  of  U#c  test  samples  varied  Tt  n  86  to  92  percent,  depending  or. 
the  Initial  water  content. 

The  uneorsfined  tests  were  an  excellent  -scans  of  soil  strer^th 
control.  They  also  Indicated  relative  strengths  at  various  water 
contents.  The  test  results  appear  to  be  applicable  to  the  low  pres¬ 
sure  static  tests  which  were  conducted  in  a  miter  of  hours  rather 
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than  days,  where  confining  pressure  and  drainage  conditions  oay  not 
have  been  significant. 

A. 9.2  Triaxial  Tests.  These  were  quick  tests  with  confining 
pressures  approximately  equal  to  those  used  in  the  static  test 
pragma . 

Typical  exaaples  of  the  triaxial  test  results  are  plotted  in 
Figure  A-13-  These  results  indicate  cohesion  varying  fro e  10  to 
16.7  psi  and  friction  angles  varying  frou  1  to  6  degrees  depending 
upon  the  water  content.  Thus,  the  buckshot  clay  acts  abast  like 
a  •  0  Material,  especially  at  the  desired  water  content  of 
26  percent. 

Figure  A-13  shows  that  confining  pressures  within  the  range 
tested  had  very  little  effect  on  the  soil  strength  as  coapared  with 
a  slight  change  in  the  water  content,  except  for  the  soil  with  a 
23  percent  water  con'ent.  The  variation  was  insignificant  for  the 
26  percent  water  content  Material. 

Tine  to  failure  during  the  triaxial  compression  tests  varied 
from  50  to  60  minutes  or  a  rate  of  strain  of  approximately  0.25  to 
0.30  percent  per  ainute. 

A  comparison  of  Figures  A -12  and  A-13  disclosed  that  at  com¬ 
parable  rates  of  strain  and  with  water  contents  approximating  26 
percent,  the  average  strength  of  the  Material  as  determined  by  both 
tests  was  virtually  identical.  At  8  percent  strain  the  average 


strength  as  determined  by  the  unconfined  teste  vu  2  pel  higher. 

The  ultimate  strengths  were  identical.  The  unconfined  tests 
conducted  in  less  than  20  minutes  disclosed  average  strengths  8  psi 
larger  than  the  triaxial  results  at  both  4  and  8  percent  strain.  At 
ultimate  strength  the  faster  unconfined  results  were  7.3  psi  larger. 

For  26  percent  water  content  material  it  is  evident  that  the 
effects  of  confining  pressure  within  the  range  tested  were  insignif¬ 
icant  as  compared  with  the  effects  of  rate  of  strain.  At  comparable 
strain  rates  the  strengths  as  determined  by  unconfined  compression 
tests  are  as  valid  as  the  triaxial  test  results.  Carroll  also 
found  that  the  effects  of  confining  pressure  were  insignificant 
as  compared  to  water  content  and  strain  rate,  Figure  A-l»*. 

During  the  triaxial  tests,  the  samples  failed  by  splitting 
and/or  bulging. 

A.  J.  3  Direct  Shear  Test.  Consolidated -drained  direct  shear 
tests  were  not  performed  during  this  test  program.  Shear  strength 
as  determined  by  the  normal  shear  box  is  very  questionable  and 
has  fallen  fror  use  except  for  particular  soli  types.  A  large 
number  of  these  tests  were  conducted  by  Jackson  and  Hadala,  and 
Hadala  (1963)  during  the.r  Investigation  of  the  dynarlc  bearing 
capacity  of  buckshot  clay.  There  were  stress-controlled  tests  on 
2.4-  by  2.  -  by  0.1* -inch-high  specimens.  Although  it  is  difficult 
to  cor  pare  directly,  the  shear  strength  as  dete  mined  by  the  direct 


shear  test  using  specimens  of  equal  water  content  was  approximately 
20  percent  higher  than  comparable  triaxial  results. 

A.9»4  Consolidation  Tests.  Normal  consolidation  tests  were 
performed  on  samples  removed  from  some  of  the  test  specimens.  Normal 
e  -  log  p  curves  were  drawn  and,  in  addition,  the  stress-strain 
curves  shown  in  Figure  A-15  were  constructed.  Until  such  time  as 
better  data  were  available,  these  curves  were  used  (to  obtain  an 
estimate  of  the  one -dimensional  modulus  of  the  material). 

A. 9. 5  Stress-Strain  Curves.  The  pretest  stress-strain  curves 
plotted  in  Figure  A-l6  were  generated  using  confined  soil  samples 
prepared  as  explained  in  Section  A. 8. 2.  The  1- inch-high  by  6-inch- 
diameter  specimens  were  loaded  with  the  MIT  constructed  loader  at 
the  rate  of  1,000  pounds  per  minute  or  35^  psi  per  minute,  Fig¬ 
ures  A-9  and  A-10.  Three  different  specimens  were  loaded  at  three 
different  pressures,  37*5,  75  >  and  240  psi. 

The  curves  in  Figure  A-l6  marked  with  test  numbers  were  con¬ 
structed  by  using  data  generated  at  the  30-  to  35-  or  30-  to  38-inch 
levels  of  the  soil  specimens  placed  in  the  SBLG.  Paired  soil  deflec¬ 
tion  and  pressure  measuring  gages  were  at  the  same  level  and  radius . 
The  surface  pressure  was  applied  at  the  rate  shown  in  Figure  A-l6. 

A  more  uniform  rate  was  desired  but  not  always  attainable.  These 
curves  depict  the  stress -strain  relation  within  the  soil  and  are  not 
necessarily  analogous  to  the  one -dimensional  compression  test. 
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The  posttest  curve  in  Figure  A-l6c  was  derived  from  data  devel¬ 
oped  using  Schindler's  one -dimensional  test  device.  The  soil  speci¬ 
men  was  1  inch  high  by  10  inches  in  diameter. 

The  low  pressure  curves  in  Figure  A-l6a  indicate  a  plastic 
material  which  tends  toward  a  fully  plastic  condition.  Obviously, 
the  loading  rate  even  at  this  pressure  level  has  a  large  effect 
on  the  total  strain  and  the  shape  of  the  curves. 

Figure  A-l6b  contains  the  medium  pressure  curves.  There  is  a 
point  of  inflection  in  both  curves.  This  is  an  indication  that  some 
sort  of  locking  action  is  taking  place.  In  this  case,  it  is  probably 
due  to  the  change  in  the  degree  of  saturation  and  not  to  the  type  of 
loading  action  normally  associated  with  sand. 

The  high  pressure  curves  are  shown  in  Figure  A-l6c.  In  the 
pre-  and  posttest  curves,  the  locking  action  is  marked.  It  is  not 
as  obvious  in  the  curve  derived  from  Test  8.  The  small  strains 
that  resulted  from  the  relatively  slow  rate  of  load  application  are 
difficult  to  explain.  There  appeared  to  be  a  malfunction  in  the 
deflection  gage  at  the  35 -inch  level  which  could  account  for  the 
discrepancies.  The  curves  resulting  from  the  two  entirely  different 
compression  devices  are  remarkably  similar. 

In  determining  the  constrained  modulus  from  the  pretest  data, 
a  secant  modulus  was  used.  In  spite  of  the  effects  of  strain  rate, 
the  data  proved  reliable  enough  to  design  the  test  device.  The 
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modulus  calculated  from  the  stress -strain  curves  in  Figure  A-l4  also 
were  used.  They  constitute  one  extreme  of  the  effects  of  loading 
rate. 

As  can  be  seen  from  the  stress-strain  curves,  the  modulus  of 
this  material  was  continually  changing  during  the  course  of  the  tests. 
This  modulus  was  affected  by  the  pressure,  depth  of  soil,  loading 
rate,  and  the  saturation  of  the  material.  In  studying  the  test  re¬ 
sults  in  Tables  A-l  and  A-2  plus  those  in  the  main  body  of  the  report, 
this  fact  should  be  kept  in  mind. 

A, 9. 6  Constrained  Modulus.  Table  A-2  contains  the  range  of 
values  derived  for  the  constrained  modulus  from  all  sources.  In  most 
cases,  the  values  appear  to  be  reasonable.  In  spite  of  the  dispari¬ 
ties  in  the  strain  rates,  the  modulus  calculated  from  the  one- 
dimensional  laboratory  compression  tests  related  closely  to  those 
calculated  during  the  SBLG  tests.  The  one  major  exception  was  Test  8 
which  was  discussed  in  the  first  paragraph  of  Section  A. 9. 

The  modulus  derived  from  the  SBLG  tests  was  calculated  by  meas¬ 
uring  at  a  designated  time  the  differential  strain  over  a  particular 
gage  length,  and  the  average  pressure  between  the  top  and  bottom  of 
the  gage  length. 

A.  10  Dynamic  Properties.  In  the  study  of  the  dynamic  proper¬ 
ties  of  buckshot  clay,  several  properties  were  of  particular  interest. 
Of  most  importance  were  the  stress -strain  and  modulus  data.  These 
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were  required  to  plan  the  various  stiffnesses  for  the  test  device. 

The  constrained  modulus  was  calculated  not  only  by  using  stress* 
strain,  but  also  by  using  propagation  velocity  of  the  peak  stress 
wave?  thus,  a  study  of  velocities  was  conducted.  In  dynamic  tests, 
the  rise  time  of  the  pressure  pulse  can  affect  the  loading  a  buried 
structure  experiences;  therefore,  information  on  this  subject  was 
collected  and  used  in  the  planning  of  the  test  program. 

A. 10.1  Variation  of  Propagation  Velocities.  In  the  study  of 
propagation  velocities  two  times  were  of  interest:  the  arrival  of 
the  initial  disturbance,  and  the  arrival  of  the  peak  pressure.  The 
velocities  between  the  soil  surface  and  the  level  of  the  test  device 
were  of  particular  interest,  i.e.  the  top  2  to  18  inches  of  material. 
The  time  for  the  presrure  wave  to  reach  the  base  of  the  test  chamber 
also  was  important,  since  this  was  used  to  determine  the  amount  of 
soil  required  below  the  test  device  and  the  amount  of  time  available 
to  study  structural  actions  before  the  reflected  waves  interfered. 

Figure  A-17a  is  a  plot  of  the  propagation  velocity  of  the  ini¬ 
tial  disturbance.  The  data  were  taken  from  the  records  in  Appendix  C. 
There  is  considerable  variation  in  the  velocity  except  for  the  high 
water  content  material  in  Test  C.  This  uniformity  was  probably  a 
function  of  the  high  degree  of  saturation.  The  relation  between  the 
velocity  and  the  water  content  did  not  appear  to  be  reasonable,  i.e. 
the  soil  with  the  lowest  water  content  had  the  highest  velocity  and 
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the  soil  with  the  highest  water  content  had  the  lowest  velocity. 
Further  examination  disclosed  that  if  Test  E,  the  low  pressure  test, 
is  omitted,  the  velocities  arc  in  an  inverse  relation  to  the  water 
content. 

The  relation  between  the  pressure  and  the  velocity  also  appears 
to  be  out  of  order.  The  low  pressure  test,  E,  had  a  higher  propaga¬ 
tion  velocity  than  the  high  pressure  test  on  soil  with  the  case  water 
content.  It  was  not  until  a  point  approximately  19  inches  below  the 
surface  was  reached  that  the  position  of  the  velocities  appeared  to 
be  in  proper  relation  to  each  other. 

In  Figure  A- 17b,  the  propagation  velocity  of  the  initial  peak 
pressure,  disregarding  reflections,  is  plotted.  These  velocities 
were  more  uniform  from  surface  to  base.  In  addition,  Material  with 
a  higher  water  content  had  a  higher  velocity  than  the  drier  material. 
The  higher  pressure  tests  also  developed  higher  propagation  veloc¬ 
ities  than  the  low  pressure  test. 

Based  on  the  material  shown  in  Figure  A- 17,  the  propagation 
velocity  of  the  first  stress  peak  was  selected  as  one  of  the  means 
for  calculating  the  constrained  modulus.  Although  these  velocities 
are  not  exactly  shock  velocities,  inspection  of  the  pressure  signa¬ 
tures  in  Figures  C-73  through  C-67  shows  that  they  are  close  enough 
for  the  purposes  desired. 

Figure  A-l8  is  a  plot  of  the  propagation  velocities  from  several 


of  the  program  tests.  The  water  content  varied  frcai  26.5  to  25.1  per* 
cent,  Table  U.  This  .'ipurc  confiras  the  rather  obvious  fact  that 
velocity  is  dependent  upon  the  surface  pressure  initiating  the  stress 
wave.  With  the  exceptions  of  Test  12  at  70  psi  and  Test  17  at  Uo.5 
psi,  the  curves  are  in  descending  order  of  surface  pressure.  The 
reason  for  the  transposition  of  Test  12  is  not  clear  even  though  its 
water  content  was  26.  b  percent  and  generally  high  in  co^>arison  with 
the  other  tests.  The  position  of  Trst  17  is  understandable  since 
this  was  a  repeat  shot  on  the  same  '.oil  specimen  as  that  used  in  Test 
11.  Close  examination  discloses  that  the  velocities  in  Test  17  ex¬ 
ceeded  those  in  Test  II  at  all  depths. 

Figure  A-19  shows  the  variation  of  peek  stress  velocity  with 
surface  pressure  and  soil  water  content.  The  pressure  curves  in  Fig¬ 
ure  A- 17a  were  not  normalized  for  water  content  even  though  there  was 
a  1  .**  percent  range.  The  water  content  curves  in  Figure  A- 19b  were 
normalized  to  200  psi.  The  6- inch  level  was  not  plotted  because  of 
the  scatter  in  the  data.  These  curves  indicate  that  peak  pressure 
waves  attained  a  relatively  constant  velocity  at  a  water  content  of 
approximately  26  percent.  This  indicates  that  soil  with  this  water 
content  and  above  becomes  saturated  at  200  psi.  This  does  not  agree 
with  the  results  shown  in  Figure  A-3. 

Based  on  Figures  A-17b,  A-l8t  and  A-19,  the  calculated  modulus 
should  be  fairly  uniform  in  relation  to  depth,  but  should  vary  with 


pressure  and  water  content.  At  higher  pressures  the  water  content 
does  not  appear  to  have  a  large  effect  until  a  point  is  reached  where 
the  material  does  not  approach  saturation  at  the  test  pressure  of 
interest. 

The  velocity  of  the  peak  pressure  does  not  appear  to  vary  with 
depth  as  some  soil  model  builders  believe,  at  least  not  within  the 
depths  used  for  these  tests.  This  wave  velocity  appears  to  be  de¬ 
pendent  primarily  on  the  stiffness  of  the  soil,  the  surface  pressure, 
and,  of  course,  the  type  material  which  was  a  constant  for  these 
tests.  Thus,  the  ity  of  the  peak  stress  is  directly  related 
to  the  stre.v.-  strain  characteristics  of  the  soil.  These  are  dis¬ 
cussed  in  Sect •■»»-  A.  10.3. 

The  velc:itii.s  plotted  in  Figures  4 -17  and  A-18  were  not  cal¬ 
culated  from  the  stress-strain  curves,  but  were  measured  directly 
from  the  oscillngrapn  records  of  the  soil  pressure  gages. 

A. 10.2  Rise  Times.  Dynamic  amplification  effects  can  be  very 
important  to  buried  structures  Just  as  they  are  for  surface  struc¬ 
tures.  Figure  A-20  is  a  plot  of  the  variation  of  rise  time  of  the 
stress  wave  with  depth,  water  content,  and  pressure.  The  rise  time 
was  nondLaensi*.  nail  zed  by  plotting  the  pressure  at  the  depth  of  in¬ 
terest  over  its  rise  time  divided  by  the  surface  pressure  over  the 
rise  time  at  the  surface. 

The  effects  of  high  water  content  were  dramatic.  The  effects  of 
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pressure  were  large  at  shallow  depths.  At  a  depth  of  24  inches,  the 
effects  of  water  content  below  approximately  25.6  percent  and  of 
pressure  within  the  range  tested  appeared  to  be  minimal  in  the  nondi- 
mensional  form.  Figure  A-20  appears  to  confirm  the  findings  reported 
in  the  main  body  of  the  report.  At  shallow  depths  of  burial  and  high 
pressure  levels  with  water  contents  around  2 6  percent,  the  rise  time 
can  affect  the  load  which  the  test  device  experiences.  Dynamic  am¬ 
plification  was  possible  as  the  ratio  of  the  rise  times  to  the  period 
of  the  structure  and  the  test  results  showed. 

A. 10.3  Stress-Strain  Curves.  Stress-strain  curves  were  gener¬ 
ated  at  four  water  contents  and  at  least  four  pressure  levels  using 
the  impact  loader  previously  described.  The  soil  specimens  were 
6  inches  in  diameter  and  1  inch  high.  Specimens  2-1/2  inches  high 
were  tried  but  the  results  were  very  erratic  because  of  what  appeared 
to  be  friction  losses  and  the  time  necessary  for  the  stress  wave  to 
traverse  the  specimen.  Figures  A-21  and  A-22  show  the  results  of 
these  tests.  Peak  load  was  reached  in  4  to  6  msec.  In  these  curves 
the  material  displays  a  plastic  behavior.  It  was  only  at  high  pres¬ 
sures  in  the  wetter  material  that  the  shocking  action  caused  by  satu¬ 
ration  became  evident. 

In  addition  to  the  laboratory  stress-strain  curves,  similar 
curves  were  constructed  using  data  developed  during  the  SBLG  tests. 
Data  collected  with  the  deflection  and  pressure  gages  located  witnin 
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the  soil  at  the  30-  to  35-  or  30-  to  38-inch  levels  were  used.  Fig¬ 
ure  A-23  contains  these  curves.  The  low  pressure  curves  appear  rea¬ 
sonable  while  the  high  pressure  curves  are  erratic.  The  total 
strains  and  shapes  of  the  curves  are  considerably  different  from 
those  in  Figure  A-22. 

Figure  A-23b  also  contains  a  stress-strain  curve  generated  by 
using  Schindler's  one -dimensional  compression  device.  The  sample 
was  1  inch  high  by  10  inches  in  diameter.  This  curve  is  not  similar 
to  all  the  previously  described  curves. 

It  is  evident  that  the  rate  of  strain  has  a  large  effect  on  the 
characteristics  of  the  stress -strsdn  curve.  It  almost  masks  the  ef¬ 
fect  of  water  content.  One -dimensional  tests  were  not  as  good  an  ap¬ 
proximation  of  the  SBLQ  conditions  as  they  were  in  the  static  tests. 
This  was  especially  true  at  high  pressures. 

Carroll  showed  similar  strain  rate  effects  in  his  investigation 
of  buckshot  clay,  Figure  A-2U. 

The  stress-strain  curves  resulting  from  the  laboratory  confined 
compression  tests  were  used  to  determine  the  constants  in  the  clay 
models  suggested  by  Seaman.  Using  the  parameters  described  in 
Seaman's  report  it  was  not  found  possible  to  duplicate  his  results 
or  to  predict  the  results  experienced  in  the  SBL3. 

A.10.U  Constrained  Modulus.  Constrained  modulus  was  required 
to  design  the  teste  and  the  test  devices.  This  modulus  also  was 
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calculated  after  each  test  In  order  to  determine  the  actual  relative 
flexibility  of  the  structure  versus  the  soil. 

Prior  to  the  aain  test  program,  the  one-dioenslonal  laboratory 
tests  discussed  above,  the  prelialnary  tests  in  the  SBlfi ,  and  a  method 
of  calculation  suggested  by  Johnson  were  used  to  estisate  the  cor.* 
strained  modulus.  The  modulus  was  date  rained  in  two  ways  froo  the  SBLfi 
tests.  First  the  actual  stress-strain  curves  were  constructed  as  pre¬ 
viously  explained  from  data  generated  during  Tests  D  and  E.  In  addi¬ 
tion,  a  modulus  was  calculatel  using  the  velocity  of  propagation  of  the 
peak  stress.  These  were  oeasured  velocities  and  not  calculated  froo  the 
stress-strain  curves.  The  stress  waves  shown  in  Appendix  C  were  not  con 
sidered  shock  waves,  since  their  rise  times,  especially  at  depth,  were 
normally  oeasured  in  Billiseconds  and  not  olcro seconds.  In  spite  of  thi 

"discrepancy,"  a  modulus  was  calculated  using  the  staple  formula, 

J? 

•  Cp  ,  where  o  is  the  vet  density  of  the  soil  and  C  is  propa¬ 
gation  velocity  of  the  pea/  stress  between  any  two  points  of  interest. 

Table  A-l  contains  the  values  of  constrained  modulus  derived 
from  all  sources.  The  range  of  values  shown  for  the  SBlfi  tests  was 
calculated  using  the  velocity  frees  he  surface  to  the  30-inch  level 
and  from  the  surface  to  the  base.  The  stress-strain  data  were  de¬ 
rived  from  two  different  locations,  between  the  and  36- Inch 
levels,  and  between  the  .?•*-  and  *«2-lnch  levels.  When  a  range  of 
values  is  shown  it  signifies  that  several  tests  were  performed  at  that 


water  content  and  pressure  level.  The  full  range  of  values  Is  given. 

The  secant  modulus  and  not  the  tangent  sodulus  is  used.  Based  on 
this,  considerable  difference  was  expected  In  the  values  of  the  modu¬ 
lus.  The  one -dimensional  compression  tests  appear  to  agree  more 
closely  wiUi  the  velocity  data  than  the  strain  data  which  are  larger 
in  all  cases.  The  values  calculated  using  Johnson's  approach  also 
are  shown.  They  agree  with  the  one-dimensional  tests  rattier  well  at 
the  intermediate  pressures,  but  appear  to  be  high  and  low  at  the  upper 
and  lower  extreme  pressures  respectively . 

The  soil  moduli  for  the  main  test  program  are  shown  in  Table  2 
of  the  sain  text,  liote  that  both  velocity  and  strain  data  wore  used. 

In  many  cases  the  agreement  was  quite  good;  in  others  tnere  was 
considerable  difference.  The  modulus  which  appeared  to  be  the  mean 
of  both  rargec  normally  was  used  in  the  stiffness  calculations. 

Just  as  in  Uie  static  tests,  the  constrained  modulus  or  the  soil 
was  changing  throughout  the  tests.  These  changes  were  duo  to  tno  pres¬ 
sure  acting  on  and  saturation  of  the  soil.  The  modulus  also  was  affected 
by  whether  the  sell  was  loading  or  unloading  at  the  particular  time  in 
question.  Mgure  b  contains  a  curve  showing  u»e  change  in  the  rela¬ 
tive  stiffness  of  the  structure  versus  the  soil  as  Test  16  progressed. 

The  modulus  selected  and  used  for  most  comparisons  was  calculated  at 
the  time  of  minimus  arching.  In  this  manner,  '.he  stiffnesses  compared 
should  correspond  fairly  closely  to  the  arching  condition  examined. 


tiOj 


Table  A-2 


Range  of  Values  of  Constrained  Modului  of  Soil  Specimens  Derived 
fron  All  Sources ,  Preliminary  Dynamic  Tests 
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Fig.  A-2.  Water  content-density  relations  for  buckshot  clay 


Fig.  A-3.  Approximate  value  of  stress  at  which 
buckshot  clay  becomes  saturated 
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b.  Test  device  with  Teflon  cover,  ready 
for  lowering  in  prepared  hole 


Fig.  A -5 .  Placement  of  test  device 
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b.  Unconfined  compression 
device 


Use  of  Hvorslev  technique 
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a.  Cross  section  of  impact  hammer 


Fig.  A~9 •  Impact  hammer  used  for  confined  compression  tests 
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Fig.  A-ll.  lypical  oscilloscope  records  from  confined 

compression  tests 


501 


*n*i 


mmrn H 

V 

«•*»»«* 

•  ••  «*4 

MNI 

••M 

Mm 

«•» 

•**» 

MMfl 

>*•**•»• 

M  *  M  • 

• 

•»  % 

%»•(  Cl 

•  »  *•  1 

M  | 

M  »•  » 

•  I 

HUM 

* 

•  • 

•*•••  •• 

•  IHI 

«• 

M#r  ■ 

•  a 

H  UM 

» 

•MCI  Ml 

llaai 

M  « 

• 

r* 

*  »r  • 

» 

•  « 

•M*M  at* 

Mill 

M  • 

HI 

H  • 

. 

M 

%  *  «  * 

•  • 

•  1 

M  •*  • 

« 

•« 

•*•«•(  Ml 

•l«l 

•  • 

•a* 

*  *•  a 

• 

*  • 

■»  I*  •  M  • 

M 

M*M> 

•ta 

•  *n 

• 

•  • 

•  i*m  atl 

IUM 

•I 

«!«• 

*• 

Fir.  A -IT.  Stress-strain  relations  for  bucfcshot  clay  *£ 
Je'.crrdr-cd  by  unronfJnei  -oesjTeasion  test 


50? 


rrintior.s  for  1-cfcxr.ot  clay  ax  4<*t*»ralr.rd  by 
•riaxiai  cor;rr**sxior. 


« 


5 


A  6  OS  Hi#  Cl  '  ’ jj  •  'n 


4  4  O*  DU  •'*  •  '« 


501 


confining  pressure,  water  content,  and  strain  rate  on  the  shear 
strength  of  buckshot  clay  (after  Carroll) 


Fig.  A-16.  Stress-strain  curves  determined  by  static  one -dimensional  tests 


Fig.  A-17.  Variation  of  velocities  with  pressure  and  soil 
water  content,  preliminary  SBLC  tests 
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Fir.  A-22.  Stress-strain  curves,  buckshot  clay,  iapact  loader 
voter  contents,  27.2  and  3?*1  percent 


Fig.  A-2»*.  Streta-itrain  curvet,  buckshot  clay  (after  Carroll) 
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APPENDIX  B 


DESIGN  OP  SPRING-RING  TEST  DEVICE 

The  spring-ring  lest  device  used  in  the  test  program  described 
in  the  Min  text  is  believed  to  be  unique*  In  order  to  assist 
others  with  a  similar  design  problem  and  to  prevent  repetition  of 
similar  Bistakes,  the  step-by-step  development  of  this  device  is 
outlined  in  this  appendix. 

The  performance  requirements  of  the  flexible  test  device  posed 
severe  problems  in  the  development  and  design  of  a  structural  mem¬ 
ber  which  could  provide  the  prescribed  elastic  and  deformation 
characteristics.  The  design  of  the  experiments  dictated  that  the 
size  of  the  test  device  remain  constant  for  all  tests.  Additional 
constraints  were:  (1)  range  of  spring  constants,  (2)  overall  aass 
of  test  device,  (3)  radial  stiffness  of  test  device,  (U)  lateral 
strength  and  stiffness  of  test  device,  (5)  space  occupied  by  the 
elastic  member,  and  (6)  space  requirements  for  displacement  and 
acceleration  gages. 

lfcble  3  of  the  main  text  shows  the  range  of  spring  constants 
desired:  lb/in.  to  8,550,000  lb/in.  These  constants  were 

selected  based  upon  the  stiffnesses  of  buckshot  clay  developed  in 
the  preliminary  test  program  described  in  Appendix  A.  The  main  pur¬ 
pose  of  this  program  was  an  investigation  of  structure  stiffness  on 


* 


soil  arching;  therefore,  a  large  range  of  stiffnesses  was  desired. 
In  addition  to  the  stiffness  requirements,  sufficient  displacement 
of  the  top  of  the  device  relative  to  the  base  was  required  to 
develop  maximum  arching  at  various  depths  of  burial  and  surface 
pressure.  These  displacement  requirements  were  estimated  using 
the  results  from  Hendron's  (1^*68)  trapdoor  experiments  with  the 
same  buckshot  clay  at  similar  water  contents. 

A  number  of  approaches  were  considered  in  the  initial  attempts 
to  design  a  suitable  elastic  structural  member  for  the  flexible 
device.  In  this  phase  of  the  design  and  development  a  broad  range 
of  spring  types  was  surveyed.  This  survey  is  summarized  in  the 
following  paragraphs. 

The  widely  used  helical  coll  spring  was  the  first  spring  type 
studied  extensively.  Structural  configurations  were  evaluated  for 
a  single  large  helix,  concentric  large  helices,  and  multiple  small 
helix  springs  within  the  housing  of  the  test  device.  Calculations 
showed  that  all  the  configurations  tried  for  this  spring  type  could 
not  provide  the  required  spring  constants  and  displacement  range. 

In  addition  this  spring  type  had  no  inherent  lateral  stiffness  and 
required  that  other  structural  members  in  the  test  device  provide 
lateral  strength.  The  design  calculations  using  the  helical  spring 
were  so  discouraging  that  it  was  dropped  from  consideration  early 
in  the  investigation. 
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Another  general  spring  type  considered  was  the  spring  column 
approach  attempted  by  Mason  (1965).  This  approach  utilized  the  dif¬ 
fering  moduli  of  elasticity  of  selected  materials  such  as  steel, 
aluminum,  plastic,  etc.,  to  fabricate  cylinders  which  gave  the 
desired  spring  constants.  This  configuration  provides  structures 
with  inherently  high  radial  and  lateral  strength  but  is  very  limited 
in  the  range  of  physically  realizable  spring  constants.  Calculations 
using  this  approach  quickly  showed  that  it  would  be  unsuitable  for 
any  aspects  of  the  planned  experiments  except  for  the  extremely 
rigid  devices. 

A  closely  related  modification  of  Mason's  approach  was  con¬ 
sidered.  Specially  formulated  plastics  and  grouts  were  studied 
and  tested  for  use  as  spring  cylinders.  This  approach  had  some 
possibilities,  but  the  close  control  of  spring  constants  and  de¬ 
flections  required  was  not  possible. 

Other  configurations  considered  were  Bellville  springs,  leaf 
springs,  metal  bellows,  diaphragms,  proving  rings,  and  tapered 
disk  springs  as  described  by  Brecht  and  Wahl,  The  Bellville 
springs  were  eliminated  from  consideration  when  their  inherently 
high  hysteresis  was  discovered  and  also  because  of  the  limited  dis¬ 
placement  range  obtainable  with  their  use.  Leaf  springs  could  be 
devised  for  the  lower  spring  constants  only  and  were  laterally  weak. 
Commercially  available  bellows  suffered  from  the  same  limitations 
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as  the  leaf  springs.  Diaphragms  did  not  permit  the  attainment  of 
the  necessary  displacement  range. 

Capered  disk  springs  appeared  to  have  good  possibilities.  A 
wide  range  of  spring  constants  was  available  within  the  physical 
size  constraints  of  the  test  device.  The  disk  spring  was  inherently 
strong  radially  and  was  found  to  have  fair  lateral  strength  and 
stiffness.  Several  scale  drawings  were  made  of  the  test  device 
utilizing  this  type  of  spring  design.  One  of  these  designs  could 
have  been  used  for  some  of  the  desired  spring  constants.  The 
tapered  disk  spring  approach  was  finally  discarded  because  of  the 
development  of  still  another  spring  design  concept  which  had  been 
maturing  during  the  study  and  evaluation  of  the  spring  types 
described  above. 

The  design  approach  which  eventually  lead  to  the  adopted  spring 
system  is  illustrated  in  Figure  B-l.  Initially,  flattened  proving 
rings  were  tried  as  the  spring  element  (Figure  B-la),  but  this  con¬ 
figuration  severely  limited  the  allowable  displacement.  While  the 
original  approach  was  not  suitable,  it  lead  to  the  idea  of  using  a 
machined  outer  cylinder  as  shown  in  Figure  B-lb.  This  configuration 
had  a  number  of  structural  advantages  over  any  of  the  other  spring 
designs  considered.  First,  the  spring  constant  could  be  varied  over 
a  very  wide  range  by  selecting  the  machined  dimensions  of  the  indi¬ 
vidual  spring  elements.  Second,  the  spring  element  was  inherently 
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rigid  radially  and  fairly  stiff  laterally.  Third,  the  efficient 
use  of  space  vas  superior  to  any  other  configurations  considered. 
Fourth,  it  permitted  a  greater  vertical  displacement  for  a  given 
spring  stiffness  them  any  other  type  of  spring  studied.  In  addition, 
the  multiple  small  slots  made  it  much  easier  to  fabricate  a  soil 
barrier  around  the  vail  of  the  test  device. 

In  attempting  to  extend  the  slotted  cylinder  design  of 
Figure  B-lb  to  provide  greater  vertical  displacement,  it  became 
apparent  that  the  machining  difficulties  would  be  severe  for  the 
low  spring  constant-high  displacement  spring  cylinders.  Additional 
development  effort  resulted  in  the  configuration  shown  in  Figure  B-lc. 
In  this  case,  the  spring  cylinder  was  fabricated  from  spring  rings 
with  spacers  bonded  between  them.  This  concept  made  it  possible 
to  fabricate,  from  a  relatively  small  number  of  spring  rings  and 
spacerr,  a  spring  cylinder  of  almost  any  desired  spring  constant. 
Figure  L-c.  shows  some  of  the  spring  rings,  spacers,  and  assembled 
spring  cylinders. 

Calculations  based  on  nominal  l/l6-inch-,  l/8-inch-,  and  l/4- 
inch- thick  spring  rings,  all  6  inches  outside  diameter  and  5  inches 
inside  diameter,  showed  that  these  dimensions  would  satisfy  all  the 
spring  cylinder  stiffness  requirements  shown  in  Table  3  of  the  main 
text,  except  for  the  stiff est  device.  In  order  to  maintain  a  con¬ 
stant  spring  cylinder  height,  and  allow  for  the  space  occupied  by 
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the  spacers,  the  final  spring-ring  thicknesses  selected  were  0.052 
inch,  0.115  inch,  and  0.2U2  inch. 

In  order  to  explain  the  method  of  fabricating  a  spring  cylinder 
to  a  preselected  spring  constant,  a  brief  review  of  the  action  of 
multiple  springs  in  series  and  parallel  is  included.  Each  spring 
cylinder  is  made  up  of  a  stack  of  spring  rings  in  series  and  the 
spring  constant  of  the  cylinder  is  the  spring  constant  of  the  in¬ 
dividual  rings  divided  by  the  number  of  rings,  where  the  spring 
rings  are  all  uniform.  This  can  be  expressed  as. 


where 

=  spring  constant  of  cylinder 
=  spring  constant  of  individual  springs 
n  -  number  of  springs 
or  more  generally: 

+  i  +  +_L 

*T  *1  *2  Kn 

where 

=  spring  constant  of  ring  1 
Kg  =  spring  constant  of  ring  2 
=  spring  constant  of  ring  n 


(2) 


Within  the  spring  cylinder  each  individual  spring  ring  also  acts 
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as  a  number  of  springs  in  parallel,  the  number  being  determined  by 
the  number  of  spacers.  The  spring  constant  of  springs  in  parallel 
is  given  by  the  relation: 

“p  ■  *1  ♦  *2  *  K3  ♦  ...  *  Kn  (3) 

where 

Kp  =  ring  spring  constant 
=  segment  spring  constant 

Kn  =  segment  spring  constant 

The  example  of  springs  in  parallel  could  be  applied  to  the 
spring  rings  only  in  a  very  general  way,  for  the  addition  of  more 
spacers  was  not  just  a  summing  of  springs.  When,  for  example,  the 
number  of  spacers  was  increased  from  4  to  5,  then  each  spring  ele¬ 
ment  was  shortened,  with  a  corresponding  increase  in  stiffness.  The 
resulting  spring  constant  of  the  ring  was  therefore  significantly 
greater  than  the  ratio  of  5  to  4  which  would  have  been  the  case  for 
summing  springs  of  a  constant  K  .  Experimentally  determined  curves 
such  as  Figure  B-3  were  used  for  selecting  the  number  of  spacers  to 
obtain  a  given  spring  constant.  The  curves  of  this  figure  give  the 
spring  constant  per  ring  and  this  value  had  to  be  divided  by  the 
number  of  active  rings  to  obtain  the  spring  constant  for  the  cylinder 
as  explained  above. 

By  the  proper  choice  of  spring-ring  thickness,  number  of  active 
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rings,  and  number  of  spacers,  the  desired  spring  constant  was  fabri¬ 
cated.  In  all  cases,  it  was  desirable  to  utilize  the  largest  number 
of  active  spring  rings  possible  in  order  to  achieve  the  largest 
allowable  displacement  without  overstraining  the  spring  rings. 

During  fabrication,  the  spring  rings  and  spacers  were  placed  in  a 
fixture  which  held  the  parte  in  place  while  the  epoxy  hardened.  The 
fixture  consisted  of  three  smooth,  round  posts  screwed  into  a  flat, 
ground  steel  plate.  Ihe  three  posts  were  perpendicular  to  the  base 
plate  and  positioned  so  that  a  6-inch-diameter  cylinder  would  fit 
snugly  between  them.  The  spring  rings  were  placed  in  the  assembly 
fixture  one  at  a  time  and  spacers,  coated  on  both  sides  with  epoxy, 
were  positioned  on  each  spring  ring.  The  angular  position  of  the 
spacers  at  each  level  of  assembly  was  determined  with  a  paper  tem¬ 
plate.  The  epoxy  adhesive  used  to  bond  the  copper  spacers  to  the 
steel  spring  rings  was  made  by  mixing  three  parts  by  volume  of 
Epon  828  (Shell  Oil  Co.)  with  one  part  by  volume  of  Versamid 
(Du  Pont).  The  spacers  were  stamped  from  sheet  copper  to  the  desired 
sizes,  1/32  by  l/8  by  l/2  inch  to  go  with  the  l/l6-inch  rings  and 
l/l6  by  l/4  by  l/2  inch  to  go  with  the  l/8-  and  l/4-inch  rings 
(Figure  B-2). 

Determination  of  the  spring  constant  of  the  assembled  spring 
cylinder  was  made  by  applying  a  known  force  and  measuring  the  result¬ 
ing  deflection.  This  testing  was  performed  in  the  apparatus  shown 
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in  Figure  B-U.  In  this  ^chine  a  hydraulic  cylinder  was  used  to 
apply  the  load  and,  depending  on  the  test,  either  a  proving  ring  or 
a  load  cell  was  used  to  measure  the  load.  Mechanical  dial  gages 
and  the  displacement  transducers  within  the  test  device  were  used 
to  monitor  the  deflection  resulting  from  the  load.  A  typical 
calibration  curve  derived  from  these  measurements  is  shown  in 
Figure  13  in  the  main  text. 
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Fig.  B-l.  Stages  in  the  development  of  the  spring-ring  concept 
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a.  Springs,  spacers,  ana  assembled  spring  cylinder 


b.  Spring  cylinders  fabricated  of  nominal  l/l6-inch,  l/8-inch,  and 

l/U-inch  rings 

Fig.  B-2.  Spring  cylinders  for  spring-ring  test  device 
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APIENDH  C 


* 


OSCILLOGRAPH  RECORDS  FROM  THE  DYNAMIC  TESTS 

This  appendix  contains  photographic  reproductions  of  many  of 
the  oscillograph  records  from  the  dynamic  test  program.  These  fig¬ 
ures  are  referred  to  frequently  throughout  the  main  text  of  the 
report.  These  records  should  be  of  particular  value  to  both  investi¬ 
gators  and  designers  in  the  field  of  dynamic  design. 

With  the  exception  of  Figure  C-l,  the  records  were  produced  by 
gages  installed  in  the  soil  or  on  the  test  device.  Figure  C-l  is  a 
typical  record  from  the  tests  used  to  determine  the  frequency  and 
damping  properties  of  the  test  devices.  Figures  C-2  through  C-75 
were  produced  during  Tests  11  through  28.  Figures  C-76  through  0-87 
originated  from  the  preliminary  test  program. 

Normally  the  first  10  to  20  msec  were  the  most  important  part 
of  the  records.  After  this  time,  the  records  showed  considerable 
disturbance.  Therefore  only  the  first  50  msec  of  the  records  are 
shown  in  continuous  form.  The  100-msec  and  final  portions,  approxi¬ 
mately  after  1  sec  unless  specified  otherwise,  also  have  been  in¬ 
cluded  to  show  the  instrument  recovery  after  the  surface  pressure  had 
decreased. 

The  zero  timing  line  during  the  main  test  program  was  produced 
by  using  the  explosive  cap  to  break  a  wire  placed  in  the  bonnet.  In 
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preliminary  Tests  A  and  B,  a  time  of  arrival  (TOA)  gage  was  placed  on 
the  soil  surface  and  compared  with  the  zero  time  produced  by  the 
wire  technique.  The  initiation  of  the  TOA  gage  lagged  the  wire 
break  by  less  than  0.5  msec  and  corresponded  very  closely  with  the 
initiation  of  the  Norwood  pressure  gages  in  the  bonnet,  Figures  076, 
077,  and  078.  The  wire  break  normally  preceded  the  initiation  of 
the  bonnet  pressure  gages  by  less  than  0.5  msec,  Figures  080,  C-83, 
and  C-86.  In  some  of  the  records,  especially  those  from  any  type 
of  strain  gage,  excursions  can  be  seen  at  zero  time.  Exploratory 
tests  showed  that  these  disturbances  were  caused  by  the  E.  M.  F. 
generated  in  the  explosion.  The  pressure  gages  in  the  bonnet  ap¬ 
peared  to  initiate  at  the  same  time  as  those  placed  on  the  soil 
surface,  Figure  C-3. 

The  format  preceding  each  record  identifies  the  instrumenta¬ 
tion  channel,  the  level  of  the  top  of  the  gage  measured  with 
reference  to  the  test  chamber  base,  the  radial  distance  from  the 
centerline  of  the  chamber,  the  radial  angle  measured  clockwise  from 
north,  and  the  final  level  of  the  top  of  the  gage.  In  addition, 
the  calibration  for  each  channel  is  shown  in  the  last  column.  As 
the  records  have  been  reduced  considerably  from  their  original 
size,  a  reference  scale  is  shewn  on  each  record.  A  reference 
trace  also  has  been  placed  on  each  record. 

The  channel  number  in  the  first  column  identifies  the  type  of 
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measurement  being  made;  S  or  SE  identifies  soil  pressure;  FN,  PS, 
PE,  or  JW  identifies  the  bonnet  pressure  in  the  north,  south,  east, 
or  west  quadrant;  X  or  ACC  signifies  an  acceleration  measurement; 

D  designates  deflection;  e  is  a  strain  measurement;  IP  designates 
pressure  measurement  inside  the  test  device;  and  F  is  a  measure¬ 
ment  of  force  on  the  top  of  the  test  device  produced  by  a  strain 
gage-bridge  arrangement. 

When  possible,  distorted  traces  have  been  labeled.  Question¬ 
able  traces  also  have  been  labeled. 

Timing  lines  have  been  placed  at  the  bottom  of  each  record. 

In  addition,  important  timing  lines  measured  with  reference  to 
zero  time  have  been  placed  on  many  of  the  records. 
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Fig.  C-5.  Test  11,  acceleration  record  (X4-X13) 


Fig.  C-7.  Test  12,  pressure  record  (S8-S21) 
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Test  13,  pressure  record  (S12-S22) 
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C-l/ .  Test  1U,  deflection  end  strain  record 
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Fig.  C-17.  Test  14,  acceleration  and  press ure  record 
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Fig.  C-20.  Test  15,  deflection  and  pressure  record 
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Fig.  C-21.  Test  15,  acceleration  and  pressure  record 


Fig.  C-22.  Test  16,  pressure  record  (S1-S9) 
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Fig.  C-24.  Test  16,  pressure  and  deflection  record 
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Fig.  C-28.  Test  17,  deflection  and  acceleration  record 
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Fie.  C-32.  Test  18,  deflection,  strain,  and  pressure  record 


Fig.  C-33.  Test  18,  acceleration  and  pressure  record 
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Fig.  C-35*  Test  19,  pressure  record  (S12-S22) 
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deflection  and  pressure  record 
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acceleration,  strain,  and  pressure  record 
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Fig.  C-50.  Test  23,  pressure  record  (Sl-Sll) 
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Fig.  C-55.  Test  24,  pressure  and  deflection  record 
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Fig.  C-58.  Test  25,  pressure  record 


-59  •  Test  25,  pressure  and  deflection  record 
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Fig.  C-64.  Test  26,  deflection  and  force  record 
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C-66.  Test  27A,  deflection  and  acceleration  record 
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Fig.  C-67.  Test  27A,  deflection,  pressure,  acceleration,  and  force  record 
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-68.  Test  27B,  deflection  and  acceleration  record 
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Fig.  C-75.  Test  28,  acceleration  and  pressure  record 
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Fig.  C-77«  Test  A,  pressure  and  acceleration  record 
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pressure  and  acceleration  record 
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pressure,  acceleration,  and  strain  record 
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is.  abstract  s-t-ucjy  was  gjj  experimental  investigation  of  the  behavior  of  an  idealized 

structure  buried  at  various  depths  in  a  compacted  cohesive  soil  (buckshot  clay,  water 
content  =  26$).  Eight  static  and  20  dynamic  plane-wave  loadings  up  to  310  psi  were 
conducted.  The  cylindrical  test  devices  (5  inches  high  and  6  inches  in  diameter)  were 
oriented  vertically  and  their  stiffness  relative  to  the  soil  was  varied.  In  addition 
a  device  whose  top  could  be  extended  and  contracted  hydraulically  was  buried  at  various 
depths  and  the  relation  between  load  and  deformation  changes  was  studied  at  static 
overpressures  of  37.5  and  75  psi.  At  low  static  and  dynamically  applied  surface  pres¬ 
sures  (Pg  =  37.5  psi)  and  a  depth  of  burial  of  one  structure  diameter  (h/b  =  l),  the 
amount  dr  active  arching  depended  upon  the  stiffness  of  the  structure  relative  to  that 
of  the  soil.  Under  these  conditions,  it  was  possible  to  relieve  practically  all  the 
overpressure  on  the  test  structure  just  by  decreasing  its  stiffness  .j^JAt  H/B  =  1  ,  the 
structure  behaved  as  if  it  were  fully  buried  under  dynamic  and  static  pressures  less 
than  40  psi.  As  the  surface  pressure  was  increased,  the  amount  of  arching  at  H/B  >  1 
became  more  dependent  upon  the  shear  strength  of  the  soil.  When  the  scaled  depth  of 
burial  was  increased  to  h/b  =  3  at  surface  pressures  in  the  150-  to  250-psi  range, 
the  differential  pressure,  as  calculated  by  subtracting  the  average  pressure  acting 
on  the  top  of  the  device  fran  the  surface  pressure  at  the  same  time  interval,  increased 
blit  it  did  not  increase  as  much  as  the  load  on  the  structure.  At  Ps  =  150  psi  under 
dynamic  conditions  the  differential  pressure  was  32  psi  or  2.5  times  the  shear  strength 
of  the  soil  as  determined  by  unconfined  compression  tests  (qu/2)  as  compared  to  25  psi 
or  1.4  times  the  shear  strength  of  the  soil  at  h/b  =  1.  When  the  surface  pressure 
was  increased  to  240  psi  under  dynamic  conditions  at  h/b  =  3  ,  the  (Continued) _ 
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13.  ABSTRACT  (Continued) 

differential  pressure  was  only  35  psi .  Under  static  conditions,  the  differential 
pressure  was  37  psi  at  Pg  =  150  psi  and  5I  psi  at  Ps  =  175  psi.  When  the  static 
surface  pressure  was  increased  to  2U0  psi,  the  differential  pressure  only  increased 
to  58  psi  or  5.2  times  the  shear  strength  of  the  soil.  Once  the  strength  of  the 
soil  at  a  particular  depth  had  been  fully  developed,  increasing  the  surface  pres¬ 
sure  had  very  little  effect  on  the  amount  of  arching.  There  was  a  transition  zone 
between  those  surface  pressures  at  which  the  amount  of  arching  was  determined  by 
relative  structure  flexibility  and  the  pressure  at  which  it  was  more  dependent  upon 
soil  strength.  The  pressures  which  limited  the  transition  zone  depended  upon  depth 
of  burial  and  the  time  in  which  the  load  was  applied.  Within  the  transition  zone, 
the  role  played  by  the  relative  stiffness  changed  gradually.  Based  on  the  very 
limited  amount  of  data  developed  in  this  test  program  (Ps  <  65  psi  and  H/B  =  l), 
passive  arching  does  not  appear  to  be  sensitive  to  structure  stiffness.  Once  the 
relative  structure  stiffness  (itj/Kg)  exceeded  a  value  of  approximately  1,  there 
was  no  increase  in  the  amount  of  arching  with  an  increase  in  the  structure  stiff¬ 
ness.  The  maximum  scaled  differential  pressure  (2AP/qu)  never  exceeded  a  value 
of  1.1.  Regardless  of  the  stiffness  of  the  structure  or  the  state  of  arching  con¬ 
sidered,  static  arching  curves  produced  by  lowering  or  raising  the  top  of  the 
structure  by  internal  means  could  not  be  used  to  estimate  the  amount  of  arching 
that  a  similar  spring  test  device  would  induce  under  static  or  dynamic  external 
loads.  In  addition  it  was  found  ihat  static  arching  data  produced  with  the  spring 
device  could  not  be  used  to  predict  the  design  loads  on  a  comparable  structure  at 
dynamically  applied  surface  pressures  in  excess  of  lO  to  70  psi,  depending  on  the 
depth  of  burial. 
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